
L '  

NASA TECHNICAL 
MEMOUNDUM 

hl 
co m 
m 
m 

I 
x 

WELDING OF PRECIPITATION-HARDENING STAINLESS STEELS 

By J. J. Vagi,  R. M. Evans, and D .  C. Mar t in  

0 - 
c (ACCESSION NUMBER) (THRU) 

Prepared Under t h e  Superv is ion  of t h e  
Research Branch, Redstone S c i e n t i f i c  Information Center  
D i r e c t o r a t e  of Research and Development 
U. S.  Army Missile Command 
Redstone Arsena l ,  Alabama 

NASA TM X-53582 

February 28, 1967 

NASA 

George C. Marsha l l  
Space F l i g h t  Center ,  
H u n t s v i l l e ,  Alabama 



TECHNfCAL MEMORANDUM X-53582 

WELDING OF PRECIPITATION-HARDENING STAINLESS STEELS 

BY 
.l- 

J. J. Vagi, R. M. Evans, and D. C. Martin 

ABSTRACT 

The state of the art of the welding of precipitation-hardening stainless 

steels is reviewed. Welding preparations, specific welding processes, welding 

dissimilar metals, and joint quality are discussed. 

+; Principal Investigators, Battelle Memorial Institute, 
Contract No. DA-Ol-O2l-AMC-l1651(Z) 

NASA-GEORGE C. MllRSHALL SPACE FLIGHT CENTER 



NASA-GEORGE C. MARSHALL SPACE FLIGHT CENTER 

by 
4 

Y J .  J .  Vagi, R.  M. Evans,  and D.  C. Mar t in  ' 
*u 

Prepared f o r  

Manufacturing Engineer ing Laboratory 

I n  Cooperation wi th  

Technology U t i l i z a t i o n  O f f i c e  

Under t h e  Superv i s ion  of  

Redstone S c i e n t i f i c  In fomia t ion  Center  
U. S .  Army Missi le Command 

Subcontracted t o  

Bat te l le  Memorial I n s t i t u t e  
Columbus L a b o r a t o r i e s  



PREFACE 

T h i s  r e p o r t  i s  one of a s e r i e s  of s t a t e- o f- t h e- a r t  r e p o r t s  be ing  prepared by 
a 

B a t t e l l e  Memorial I n s t i t u t e ,  Colunibus, Ohio, under Cont rac t  No.  DA-01-021-AMC- 

11651(Z),  i n  t h e  gene ra l  f i e l d  of m a t e r i a l s  f a b r i c a t i o n .  

It reviews p r a c t i c e s  f o r  j o i n i n g  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels .  

Discussions a r e  presented  t o  provide 

(1) Informat ion  on j o i n i n g  p r e p a r a t i o n s  

(2)  Informat ion  on j o i n i n g  processes  

( 3 )  Informat ion  on j o i n t  qua l i ty ' .  

Techniques and s p e c i a l  c o n s i d e r a t i o n s  t h a t  a r e  normally followed when j o i n i n g  

these  s t e e l s  are desc r ibed .  

The informat ion  covered w a s  ob ta ined  from producers  of p r e c i p i t a t i o n-  

hardening s t a i n l e s s  s t e e l s ,  equipment manufac turers ,  t e c h n i c a l  p u b l i c a t i o n s ,  

r e p o r t s  from Government c o n t r a c t s ,  and from in t e rv i ews  wi th  engineers  employed by 

major f a b r i c a t o r s  and producers  o f  t h e s e  s t a i n l e s s  s t e e l s .  Data from r e p o r t s  and 

memoranda i s sued  by the  Defense Meta ls  Informat ion  Center  a l s o  were used. Experi-  

ence gained dur ing  t h e  p r e p a r a t i o n  o f  previous r e p o r t s  i n  t h e  s e r i e s  has  a l s o  

helped i n  t h e  p r e p a r a t i o n  of  t h i s  r e p o r t .  

The l i t e r a t u r e  s ea rch  f o r  t h i s  program began wi th  1955. I n  accumulating t h e  

informat ion  necessary  t o  prepare t h i s  r e p o r t  , t he  fol lowing sources  w i th in  

B a t t e l l e  were searched ,  cover ing  t h e  pe r iod  January ,  1955,  t o  t h e  p re sen t :  

Defense Metals Informat ion  Center  

Main L ib ra ry  

S l a v i c  L ib ra ry  
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Technica l  J o u r n a l  Indexes  f o r  t h e  p e r i o d  o f  1955 t o  t h e  p r e s e n t  a l s o  were searched 

(Ref. l), and in format ion  w a s  ob ta ined  from sources  o u t s i d e  of  Bat te l le ,  v i z . ,  

t h e  Redstone S c i e n t i f i c  In format ion  Center  (Refs. 2 and 3 ) ,  t h e  Defense Documenta- 

t i o n  Center  (Ref. 4 ) ,  and t h e  NASA S c i e n t i f i c  and Technica l  Informat ion F a c i l i t y  

(Ref. 5) .  

Persona l  c o n t a c t s  a l s o  were made wi th  t h e  fo l lowing  i n d i v i d u a l s  and 

o rgan iza t ions :  

A i r  Reduction Company, I n c .  
Ai rco  Welding Products  D i v i s i o n  
P. 0. Box 486 
Union, New J e r s e y  07083 

A. N .  Kugler 

Allegheny Ludlum S t e e l  Corporat ion 
Oliver Bui ld ing  
P i t t s b u r g h ,  Pennsylvania  

G. Aggen 
John Paulus  
Doyle Smee 

American S o c i e t y  f o r  Metals 
Metals Park ,  Ohio 44073 

A. G .  Gray 

American Welding S o c i e t y ,  I n c .  
United Engineer ing  Cente r  
345 East 47th S t r e e t  
N e w  York, N e w  York 10017 

Edward A.  Fenton 

AMF Bea i rd ,  I n c .  
P. 0. Box 1115 
Shrevepor t ,  Louis iana  71100 

R. Meisenback 

Armco S t e e l  Corporat ion 
Bal t imore ,  Maryland 

Harry Espy 
J .  Junod 

Armco S tee l  Corporat ion 
Middletown, Ohio 

6. E. L i n n e r t  
H. S. White 
L. Looby 

A s t r o  M e t a l l u r g i c a l  Corporat ion 
Wooster, Ohio 

R. S.  Emlong 

Boeing Ai rp lane  Company 
S e a t t l e ,  Washington 

A.  M. Scroogs 

Cruc ib le  S t e e l  Company o f  A m e r i c a  
P. 0. Box 988 
P i t t s b u r g h ,  Pennsylvania 

E .  J .  D u l i s  
V .  W .  Thompson 

Ford Motor Company 
P h i l c o  Corporat ion 
Aeronutronic  D i v i s i o n  
Ford Road 
Newport Beach, C a l i f o r n i a  

A.  J .  Will iams 

15 230 

92663 

General  E lec t r i c  Company 
F l i g h t  Propuls ion  Laboratory D e p t .  
C i n c i n n a t i  1 3 ,  Ohio 

W. A.  Hut ton 
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WELDING OF PRECIPITATION-HARDENING STAINLESS STEELS 

SUMMARY 

The precipitation-hardening stainless steels can be welded by many of the 

familiar welding processes. Because of the cost of these materials and the critical 

uses to which they are applied, more care is usually taken in joining than with 

carbon steels. All of these steels are hardenable by heat treatment. Therefore, 

it is important that proper filler metals be used if it is intended that the welds 

have the same heat-treatment response as the base material. It is important also 

that good cleaning procedures be used to prevent contamination of the weld and the 

heat-affected zone. 

The precipitation-hardening stainless steel alloys can be divided into three 

types: martensitic, semiaustenitic, and austenitic. Little difficulty is experi- 

enced in welding the martensitic and semiaustenitic types. However, the use of 

joining processes such as gas tungsten-arc or gas metal-arc, which may depend on 

melting metal of the same composition as the base material should be avoided when 

the austenitic types are joined. 

In general, welding of the precipitation-hardening stainless steels is 

similar to the more common nonhardenable austenitic stainless steels. When proper 

techniques are used, joints of excellent quality and high strength can be produced 

in the precipitation-hardening alloys. 

INTRODUCTION 

The precipitation-hardening stainless steels were developed during World 

War I1 as the result of a need for stronger corrosion-resistant materials than 

were then available. Knowledge of their properties became available generally 

between 1946 and 1948 but new alloys and improved heat Freatments continued to 



a p p e a r  a t  l e a s t  u n t i l  t he  la te  1950s. N e w e r  mod i f i ca t ions  of t h e  o r i g i n a l  a l l o y s ,  

u s u a l l y  developed f o r  p a r t i c u l a r  a p p l i c a t i o n s ,  cont inue  t o  a p p e a r  p e r i o d i c a l l y .  

The welding me ta l lu rgy  of  t h e s e  a l l o y s  i s  d iscussed  by L inne r t  and Harkins  

(Refs.  6 and 7 ) .  

This  r e p o r t  summarizes t h e  in format ion  on j o i n i n g  of p rec ip i t a t i on- ha rden ing  

s t a i n l e s s  s teels  t h a t  has  become a v a i l a b l e  s i n c e  1955. I n  i t ,  t h e  s u b j e c t  i s  

d iscussed  very  b r i e f l y  from t h e  viewpoint  o L t h e  m-aterials Lh-emselves and much 

more e x t e n s i v e l y  from t h e  viewpoint  of j o i n i n g  processes  and t h e i r  a p p l i c a t i o n s  

t o  t h e s e  p a r t i c u l a r  m a t e r i a l s .  I n d i v i d u a l  j o i n i n g  p roces ses ,  d i s s i m i l a r  a l l o y  

j o i n i n g ,  and those  s p e c i a l  c o n s i d e r a t i o n s  which must be taken  when j o i n i n g  t h e  

va r ious  a l l o y s  a r e  descr ibed .  I n s p e c t i o n  techniques  and t h e  e f f e c t s  of  d e f e c t s  

are a l s o  descr ibed .  

The p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  a r e  used i n  a p p l i c a t i o n s  where 

both high s t r e n g t h  and r e s i s t a n c e  t o  co r ros ion  o r  ox ida t ion  a r e  d e s i r e d .  They 

have been used e x t e n s i v e l y  i n  t h e  a i r c r a f t  i n d u s t r y  f o r  a t  least  t e n  yea r s .  

There are a l s o  many a p p l i c a t i o n s  of  t hese  s tee ls  t o  boos t e r s  and m i s s i l e  systems. 

The s t e e l s  have many a t t r i b u t e s  which make them d e s i r a b l e  i n  a wide v a r i e t y  of 

s t r u c t u r e s  and components. The p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels  main ta in  

bo th  ox ida t ion  r e s i s t a n c e  and s t r e n g t h  t o  r e l a t i v e l y  high tempera tures .  They 

a r e  among the  most f a b r i c a b l e  of  t he  h igh- s t r eng th  materials. They can be worked 

by most convent iona l  methods such as r o l l i n g ,  machining, o r  fo rg ing  when i n  a q u i t e  

low s t r e n g t h  cond i t i on  and then  hardened by modest h e a t  t r ea tmen t s  subsequent t o  

working. With t h e  except ion  of  t h e  a u s t e n i t i c  p rec ip i t a t i on- ha rden ing  a l l o y s  

t h e s e  steels a l s o  have good w e l d a b i l i t y .  Most of t h e  common welding processes  

and a number of o t h e r  j o i n i n g  processes  are usab le  w i th  t h e s e  steels.  I n  gene ra l ,  

t h e  p recau t ions  which have t o  be taken  du r ing  welding a r e  no more d i f f i c u l t  than  

those  which a r e  r equ i r ed  f o r  t h e  common nonhardenable a u s t e n i t i c  s t a i n l e s s  steels.  

The p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  a r e  r e l a t i v e l y  h igh  c o s t  and 

used where a h igh  degree  of  r e l i a b i l i t y  i s  needed. Therefore ,  i t  i s  o f t e n  
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necessary  t o  choose processes  and procedures  ( sh i e lded  metal-arc, electron-beam, 

brazing)  which l ead  t o  t h e  product ion  of h igh- qua l i t y  j o i n t s  and minimize scrap 

l o s s e s .  S ince  t h e  c o r r o s i o n  r e s i s t a n c e  of  t h e s e  s tee ls  i s  one of  t h e i r  major 

a t t r a c t i o n s  i t  i s  necessary  t o  be s u r e  t h a t  t h e  j o i n i n g  procedures  do no t  d e t r a c t  

from t h i s  proper ty .  The s t r e n g t h  of t h e s e  s t e e l s  i s  obta ined  through h e a t  t r e a t -  

ment. The f i n a l  h e a t  t r ea tmen t s  are such t h a t  they can be  c a r r i e d  out  e i t h e r  

du r ing  o r  a f t e r  t he  j o i n i n g  ope ra t ion .  However, t o  o b t a i n  optimum p r o p e r t i e s ,  it  

i s  important  t h a t  t h e  recommended h e a t - t r e a t i n g  procedures  be adhered t o .  

MATERIALS 

The p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s ,  when p rope r ly  h e a t  t r e a t e d ,  

have good co r ros ion  and o x i d a t i o n  r e s i s t a n c e  and f r a c t u r e  toughness i n  a d d i t i o n  

t o  high s t r e n g t h .  

1300 F f o r  some of t h e  types  a v a i l a b l e .  

They a l s o  have good p r o p e r t i e s  a t  moderately h igh  tempera tures ,  

TYPES, HEAT TREATMENT, PROPERTIES 

The p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  are grouped i n t o  t h r e e  types  

(Ref. 7):  

(1) M a r t e n s i t i c  

( 2 )  Semiaus t en i t i c  

(3) A u s t e n i t i c .  

This  c l a s s i f i c a t i o n  i s  based on t h e  behavior  of  t h e  s tee l  when i t  i s  cooled from 

an app rop r i a t e  a u s t e n i t i z i n g  ( s o l u t i o n  t r e a t i n g )  t e m p e r a t u r e .  

I n  m a r t e n s i t i c  types  t h e  a u s t e n i t e  t ransforms  t o  m a r t e n s i t e  on cool ing .  

This  t r ans fo rma t ion  causes  some hardening.  Add i t i ona l  s t r e n g t h  i s  obta ined  by 

ag ing  a t  t h e  proper  temperature .  

A f t e r  coo l ing  from t h e  a u s t e n i t i z i n g  tempera ture  t o  room temperature  t h e  

s e m i a u s t e n i t i c  types  remain a u s t e n i t i c .  Reheating t o  an a p p r o p r i a t e  temperature  

cond i t i ons  t h e  a u s t e n i t e  so  t h a t  i t  t ransforms  t o  m a r t e n s i t e  on cool ing  t o  room 
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temperature  o r  lower. Subsequent ag ing  a t  p roper  temperature  i n c r e a s e s  s t r e n g t h  

over  t h a t  ob ta ined  by t h e  a u s t e n i t e- m a r t e n s i t e  t r ans format ion .  

The a u s t e n i t i c  t y p e s  do n o t  t r ans form on c o o l i n g  t o  room temperature .  

S t reng then ing  i s  ob ta ined  by ag ing  t h e  a u s t e n i t i c  s t r u c t u r e  a t  a n  a p p r o p r i a t e  

temperature.  

A thorough knowledge o f  t h e  s p e c i f i c  s t r e n g t h e n i n g  t rea tment  a p p l i c a b l e  t o  

t h e  p a r t i c u l a r  p r e c i p i t a t i o n- h a r d e n i n g  a l l o y  be ing  f a b r i c a t e d  i s  needed i n  o r d e r  

t o  a t t a i n  t h e  f u l l  p o t e n t i a l  oE t h e  a l l o y .  Welding procedures  must be adapted t o  

t h e s e  t r e a t m e n t s  i n  such a way t h a t  loss  of  s t r e n g t h  i s  mininiized- o r  t h a t  subse- 

quent s t r e n g t h e n i n g  i s  p o s s i b l e .  

For  r e a d e r  convenience,  Table  I shows t h e  composit ions of  a number of  prec i-  

p i ta t ion- harden ing  s t a i n l e s s  s tee ls .  Table I1 g i v e s  some i d e a  o f  t h e  forms i n  

which t h e s e  s tee ls  can be ob ta ined .  Table 111 shows t h e  h e a t  t r ea tments  used t o  

produce d i f f e r e n t  p r o p e r t i e s  i n  t h e s e  s t e e l s .  The reasons  f o r  t h e  d i f f e r e n c e  and 

number o €  h e a t  t r ea tments  i s  complex. It has been t r e a t e d  i n  some d e t a i l  by 

Ludwigson and H a l l  (Ref. 8 ) .  The p r o p e r t i e s  of  t h e  v a r i o u s  s t ee l s  i n  v a r i o u s  

c o n d i t i o n s  of  h e a t  t r ea tment  are given i n  Table I V .  

WELDING FTLLER WIRES 

For  t h e  fusion-welding p r o c e s s e s  , f i l l e r  wires having t h e  same composit ion 

as the  base  p l a t e  are g e n e r a l l y  used f o r  welding t h e  m a r t e n s i t i c  and s e m i a u s t e n i t i c  

s teels  t o  themselves.  Welds between t h e s e  materials  and o t h e r  metals, such a s  

n icke l- base  a l l o y s ,  are u s u a l l y  made wi th  s t a i n l e s s  s t e e l  f i l l e r  wires of  t h e  

300 c l a s s .  Coated e l e c t r o d e s  can on ly  be used wi th  those  materials which do n o t  

c o n t a i n  aluminum o r  t i t a n i u m  i f  t h e  weld i s  expected t o  respond t o  h e a t  t r ea tment .  

The a u s t e n i t i c  types  of  p r e c i p i t a t i o n- h a r d e n i n g  s tee ls  a r e  u s u a l l y  considered 

t o  be nonweldable by fusion-welding p rocesses .  When they  are welded, f i l l e r  wires 

developed f o r  t h i s  purpose and having q u i t e  d i f f e r e n t  composit ion than  t h e  base 
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TABLE 11. FORMS IN WHICH THE PRECIPITATION-HARDENING STAINLESS 
STEELS ARE AVAILABLE (Refs. 9,lO,11,12,13,14,15,16) 

A 1  l o y  Forms A v a i l a b l e  

SLain less  W 

17-4 PH 

15-5 PH 

414 T i  

ALMAR 362 

ALMA3 363 

17-7 PH 

PFI 15-7 No 

AM 350 

AM 355 

A 286 

17-10 P 

HNM 

Mar t e n s  i t i c Types 

S h e e t ,  p l a t e ,  b a r  

Shee t ,  s t r i p ,  p l a t e ,  b a r ,  w i r e ,  c a s t i n g s ,  f o r g i n g s  

Shee t ,  s t r i p ,  p l a t e ,  b a r ,  w i r e ,  fo rg ings  (heavy 
s e c t i o n s  i n  p l a t e  and b a r  no t  recommended) 

Shee t ,  s t r i p  

Bars, hol low b a r s ,  w i r e ,  b i l l e t s  

Sheet  , s t r i - p  

S e m i a u s t e n i t i c  Types 

Shee? , s t r i p  , p l a t e ,  b a r ,  w i r e  , fo rg ings  (heavy 
s e c t i o n s  i n  p l a t e  and b a r  n o t  recommended) 

P l a t e ,  b a r ,  w i r e ,  b i l l e c s  

S h e e t ,  s t r i p ,  f o i l ,  welded cubing,  b a r ,  w i r e  

Shee t ,  s t r i p ,  b a r s ,  c a s t i n g s ,  fo rg ings  

A u s t e n i t i c  Types  

Shee t ,  s t r i p ,  p l a t e ,  5ar, w i r e ,  b i l l e t s ,  t u b i n g  

P l a t e ,  b a r ,  w i r e ,  b i l l e t s  

P l a t e ,  b a r ,  b i l l e t s  
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m e t a l  are used. When f i l l e r  w i r e s  o f  t h e  same composit ion as t h e  base  p l a t e  are 

used,  s e r i o u s  weld-metal c r a c k i n g  may occur .  

Table  V shows t h e  f i l l e r  w i r e  recommended f o r  u s e  wi th  t h e  v a r i o u s  s tee ls .  

MATERIAL CONDITION FOR mLDING 

Product ion o f  s a t i s f a c t o r y  j o i n t s  i n  any material depends on proper  s e l e c t i o n  

o f  j o i n i n g  method, on p roper  j o i n t  des ign ,  and on p roper  c l e a n i n g  o f  t h e  material  

p r i o r  t o  / making t h e  j o i n t .  I n  some materials ,  i n c l u d i n g  t h e  p r e c i p i t a t i o n-  

hardening s t a i n l e s s  s tee ls ,  s a t i s f a c t o r y  j o i n t s  a l s o  depend on t h e  material be ing  

i n  t h e  p roper  m e t a l l u r g i c a l  c o n d i t i o n  p r i o r  t o  j o i n i n g  and proper  t r ea tment  of  

t h e  material  a f t e r  j o i n i n g .  Choice o f  pr.ocess and j o i n t  des ign  w i l l  be d i s c u s s e d  

i n  fo l lowing  s e c t i o n s  o f  t h i s  r e p o r t .  Prewelding c o n d i t i o n  and postweld condi- 

t i o n i n g  w i l l  a l s o  be  d i scussed .  

It i s  necessa ry  t o  be s u r e  t h a t  c o r r o s i o n  and o x i d a t i o n  r e s i s t a n c e  of  t h e s e  

a l l o y s  are n o t  lowered d u r i n g  f a b r i c a t i o n  o p e r a t i o n s .  Corrosion r e s i s t a n c e  can 

be s e r i o u s l y  a f f e c t e d  by contaminat ion d u r i n g  j o i n i n g  o r  h e a t - t r e a t i n g  o p e r a t i o n s  

o f  e i t h e r  base  m e t a l  o r  weld m e t a l  by d i r t ,  o i l s ,  g r e a s e ,  crayon marks, e tc .  on 

t h e  s u r f a c e  (Ref. 1 7 ) .  Carbon pickup from s u r f a c e  contaminants can adverse ly  

a f f e c t  hea t- t rea tment  response as w e l l  a s  c o r r o s i o n  r e s i s t a n c e .  S u l f u r  pickup 

can a f f e c t  bo th  c o r r o s i o n  r e s i s t a n c e  and p r o p e r t i e s .  Other  materials can a f f e c t  

v a r i o u s  p r o p e r t i e s  adverse ly .  Consequently,  t h e  s u r f a c e s  o f  a l l  p a r t s  must be 

c l e a n  b e f o r e  j o i n i n g  o r  h e a t  t r ea tment  i s  undertaken. 

D i r t  and f i l m s  o f  o i l  and g rease  can be  removed by washing o r  by degreas ing  

o p e r a t i o n s .  Soaps can  be  removed w i t h  ho t  water. Removal of s o l u b l e  o i l s ,  

t a l l o w  and f a t s  r e q u i r e  a h o t  a l k a l i n e  s o l u t i o n  wash followed by a h o t  water 

r i n s e .  

Oxide f i l m s  o f  two t y p e s  are encountered on p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

s teels  (Refs. 9,10,11,14). L i g h t  oxide f i l m s  are produced by t h e  aging o r  

11 



TABLE V. ELECTRODES RECOMMENDED FOR WELDING PRECIPITATION-HARDEbJING 
STAINLESS STEELS (Refs.  7 ,9 , l0 ,11 ,12 ,14 ,16 ,18)  

Al loy Coated E l e c t r o d e s  F i l l e r  Wires D i s s i m i l a r  J o i n t s  

S t a i n l e s s  W 

17-4 PH 

15-5 PH 

414 T i  

ALMAR 362 

ALMAR 363 

17-7 PH 

PH 15-7 MO 

AM 350 and 
AM 355 

A 286 

17-10 P 

HNM 

M a r t e n s i t i c  Types 

Timken 16-25-6 A-286 
Timken 16- 25- 6 H a s t e l l o y  W 

Type 308cc) Type 308 

W 17-4 PH W 17-4 PH 
Type 308 Type 308 

Type 308, Type 303 414 T i  

Type 308, Type 309 

Type 308, Type 303 ALMAR 363 

W 17-4 PH W 17-4 PH 

AIhAR 362(e) 

( a )  H a s  t e l  loy  W 
Type 309(b) 

Type 309(d) 
Type 309 Cb(d) 

Type 309 
Type 309 Cb 

Type 309 
-- 
-- 

S e m i a u s t e n i t i c  Types 

W 17-4 PH, Type 308 W 17-7 PH Type 310(8) 
Type 309 W 13-9 PH(f) Inco Weld A(h) 

Type 308, Type 309 WPH 15-7 Mo ( s h e e t )  Type 310 
Type 309 

AM 355 AM 350 Type 308 
Type 308 AM 355 Type 309 
Type 309 
Type 310 

Incone l  82 (h) 

WPH 13-7 Mo ( p l a t e ) ( i )  

AU s t e n i  t i c  Types  

Type 309 Inco  92 Type 309 
Type 310 H a s t e l l o y  I-J Type 310 

A r c  welding n o t  recommended. 

A r c  welding n o t  recommended. 
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Footno tes  f o r  Table  V 

Nickel- base e l e c t r o d e  o r  f i l l e r  w i r e  corresponding t o  American Welding S o c i e t y  
E N i C r - 1  o r  ER NiCrFe-7. I n  g e n e r a l ,  when e l e c t r o d e s  o r  f i l l e r  w i r e s  are 
used whose composit ion d i f f e r s  from t h e  base  p l a t e ,  t h e  weld cannot be ex- 
pected t o  have h igh  s t r e n g t h  even i f  h e a t  t r e a t e d  a f t e r  welding.  

S t a i n l e s s  s tee l  e l e c t r o d e  o r  f i l l e r  w i r e  of about 25Cr-12Ni corresponding t o  
AWS E 3 0 9  o r  ER309.  

S t a i n l e s s  s tee l  e l e c t r o d e  o r  f i l l e r  xiire of about 20Cr-1ONi corresponding t o  
AWS E 3 0 8  o r  ER308. 

Type 309 e l e c t r o d e  c o n t a i n i n g  Cb t o  improve c o r r o s i o n  r e s i s t a n c e  of  weld 
d e p o s i t .  

S p e c i a l  f i l l e r  wire a n a l y s i s  c o n t a i n i n g  a maximum of 0 .40  T i  i s  recommended. 

A s  spec ia l  a n a l y s i s  t o  be used when i t  i s  expected t h a t  a l o t  of d i l u t i o n  
w i l l  occur .  

S t a i n l e s s  s t e e l  e l e c t r o d e  o r  f i l l e r  w i r e  c o n t a i n i n g  about 25Cr-20Ni c o r r e s-  
ponding t o  AWS E310 o r  ER310 

Nickel- base  e l e c t r o d e s  corresponding t o  AWS E N i l  and ER N i 3 .  

A modif ied f i l l e r  composit ion c o n t a i n i n g  less  chromium than 17-7 PH designed 
fo r  use  i n  j o i n t s  where a l a r g e  amount of f i l l e r  w i r e  i s  t o  be depos i t ed .  
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cond i t i on ing  h e a t  t r ea tmen t s .  

annea l ing  t r ea tmen t s  and hot-working ope ra t ions .  

a c i d  p i c k l i n g  t r ea tmen t s .  A t y p i c a l  t r ea tmen t  recommended f o r  15-5 PH (Ref. 9) 

i s  a few minute p i c k l e  i n  10% n i t r i c - 2 %  h y d r o f l u o r i c  a c i d  (by volume) a t  110-140 F. 

Heavier  oxide coa t ings  and s c a l e s  may be removed by g r i t  o r  sand b l a s t i n g  

L igh t  t o  heavy scales are produced by s o l u t i o n  

L igh t  ox ides  can be removed by 

o r  by a d e s c a l i n g  o p e r a t i o n  c a r r i e d  on a t  moderate temperatures .  The procedure 

suggested f o r  15-5 PH (Ref. 9 )  i s  t o  loosen  t h e  scale i n  a caustic-permanganate 

s o l u t i o n  a t  160-180 F. This  t akes  about  60 minutes  and i s  followed by a water  

r i n s e .  The s c a l e  i s  then  p i ck l ed  o f f  u s ing  t h e  a c i d  s o l u t i o n  given above f o r  

removing l i g h t  oxides.  Fused s a l t  d e s c a l i n g  processes  should not  be used s i n c e  

t h e  temperatures  r equ i r ed  may age t h e s e  s t e e l s .  

Acid p i c k l i n g  times should be c l o s e l y  c o n t r o l l e d  f o r  t h e  p r e c i p i t a t i o n-  

hardenable  s t e e l s .  I n  t h e  hea t- t rea tment  cond i t i on  which i s  b e s t  f o r  f a b r i c a t i o n  

ope ra t ions  some of t hese  s tee ls  may be somewhat s u s c e p t i b l e  t o  s t r e s s- c o r r o s i o n  

c racking .  

I f ,  a f t e r  c l ean ing ,  p a r t s  are exposed t o  the  open atmosphere they  may become 

recontaminated.  D u s t  and f i n e  p a r t i c l e s  of fo re ign  m a t e r i a l  may s e t t l e  on them. 

I n  shop atmospheres they may become coa ted  wi th  o i l ,  g r e a s e ,  o r  s imi lar  contamin- 

a n t s  from t h e  a i r .  J o i n t  a r e a s  may be c leaned  of  t h i s  type of contaminat ion by 

wiping wi th  l i n t - f r e e  c l o t h s  dampened wi th  a so lven t  such as methyl-ethyl  ketone.  

However, it may be adv i sab le  t o  prevent  recontaminat ion a f t e r  c leaning .  This  can 

be done by us ing  the  cleaned m a t e r i a l s  w i th in  a s h o r t  t ime a f t e r  c leaning .  I f  

t h i s  cannot be done, they  can be p ro t ec t ed  by covering with l i n t - f r e e  and o i l - f r e e  

wrappings. 

The e f f e c t i v e n e s s  of a c l ean ing  ope ra t ion  can be eva lua t ed  by va r ious  methods. 

Contact r e s i s t a n c e  measurements can be used al though t h i s  technique i s  no t  widely 

used. 

ope ra t ions  i s  t o  observe water  breaks  dur ing  t h e  r i n s i n g  ope ra t ion .  I f  t h e  
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cleaned s u r f a c e  i s  uniformly w e t  by t h e  water t h e  s u r f a c e  i s  cons idered  c lean .  

I f  t h e  w a t e r  c o l l e c t s  i n  drops  o r  pa tches  i t  i s  s a i d  t o  “break”.  The presence o f  

a water b reak  i n d i c a t e s  t h a t  t h e  s u r f a c e  h a s  no t  been well c leaned.  

More d e t a i l e d  d e s c r i p t i o n s  of  m e t a l  c l e a n i n g  processes  and techniques  can be 

found i n  t h e  l i t e r a t u r e  (Ref. 19) .  

complete removal o f  s o i l s  such as o i l  and g rease  are given i n  Tables  V I  and V I I .  

Typ ica l  s o l u t i o n s  and procedures  f o r  u s e  a f t e r  

Most o f  t h e  p r e c i p i t a t i o n- h a r d e n i n g  s tee ls  have a p r e f e r r e d  hea t- t rea tment  

c o n d i t i o n  i n  which j o i n i n g  o p e r a t i o n s  are undertaken. (Ref. 14) .  For  arc welding,  

t h i s  c o n d i t i o n  i s  u s u a l l y  t h e  one which permi t s  hardening by postwelding h e a t  

t r ea tment .  When b r a z i n g ,  t h e  b r a z i n g  c y c l e  may be a d j u s t e d  t o  accomplish p a r t  of  

t h e  hea t  t r ea tment .  For  o t h e r  j o i n i n g  procedures ,  t h e  hardened c o n d i t i o n  may be 

p r e f e r r e d  s i n c e  i t  may n o t  be d e s i r a b l e  t o  h e a t  t r e a t  a f t e r  j o i n i n g .  Table V I 1 1  

i n d i c a t e s  t h e  p r e f e r r e d  base-metal c o n d i t i o n s  f o r  a number of j o i n i n g  p rocesses .  

J O I N T  PREPAUTION 

The method of  j o i n t  p r e p a r a t i o n  f o r  t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

s teels  can be any one of  t h e  fol lowing:  machining ( a l l  t y p e s ) ,  s h e a r i n g ,  g r i n d i n g ,  

flame c u t t i n g  ( i r o n  powder o r  € lux)  and p l a s m a  c u t t i n g .  The a p p l i c a b l e  machining,  

s h e a r i n g ,  and g r i n d i n g  t echn iques  are those  used f o r  most s t a i n l e s s  s t ee l  shaping 

and w i l l  n o t  be covered h e r e .  Flame c u t t i n g  techniques  which u t i l i z e  e i t h e r  i r o n  

oxide o r  s p e c i a l  f l u x e s  i n  t h e  c u t t i n g  flame t o  m e l t  o r  react wi th  t h e  chromium 

oxide t h a t  i s  formed have been developed f o r  c u t t i n g  t h e  s t a i n l e s s  s teels .  These,  

however, have been l a r g e l y  rep laced  by plasma-arc c u t t i n g .  The plasma-arc provides  

t h e  necessa ry  h e a t  t o  m e l t  t h e  chromium oxide which i s  t h e  main hinderance t o  

normal flame c u t t i n g  o f  t h e  s t a i n l e s s  s t e e l s .  The high-speed gas (plasma) stream 

a l s o  blows t h e  molten metal  away from t h e  c u t t i n g  face .  The plasma a r c  can be 

used t o  c u t  any material  t h a t  i s  e l e c t r i c a l l y  conduct ive .  There fore ,  t h i s  method 

i s  commonly used t o  c u t  metals t h a t  a r e  d i f f i c u l t  o r  impossible  t o  c u t  e f f i c i e n t l y  

by convent ional  m e t a l- c u t t i n g  methods such as t h e  oxyacetylene c u t t i n g  p rocess .  
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i TABLE V I .  TYPICAL SEQUENCE OF PROCEDURES FOR PICKLING PRECIPITATION 
HARDENING STAINLESS STEELS (Ref. 19) 

So lu t ion  
Composition, Opera t ing  Imme r s i o  n 

Cycle % by volume(a) temperature , F  t ime,min(b) 

4 

5 

6 

7 

8 

9 

10 

S u l f u r i c  a c i d  d i p  

Water r i n s e ( d )  

N i t r i c - h y d r o f l u o r i c  a c i d  
d i p  

Water r i n s e ( d )  

Caustic-permanganate 
d i p ( e )  

Water r i n s e ( d )  

S u l f u r i c  a c i d  d i p  

Water r i n s e  (d )  

N i t r i c  a c i d  d i p  

Water r i n s e  (d ip)  

15 t o  25 H2S04(C) 

--  

5 t o  12 H N 0 3 ;  
2 t o  4 HF 

--  

18 t o  20 NaOH. 
4 t o  6 ICMn04(k) 

- -  

15 t o  25 H2S04(') 

- -  

10 t o  30 HN03 

- -  

160 t o  180 

Ambient 

120 max 

Amb i e  n t 

160 t o  290 

Amb i e  n t 

160 t o  180 

Ambient 

140 t o  180 

Amb i e  n t (g)  

30 t o  60 

--  

2 t o  20 

-- 

15 t o  60 

- -  

2 t o  5 

- -  

5 t o  15 

-- 

(a)  Acid s o l u t i o n s  are not  i n h i b i t e d .  
(b)  S h o r t e r  times are f o r  lower- a l loy  s t e e l s ;  longer  times a r e  f o r  more h i g h l y  

( c )  Sodium c h l o r i d e  (up t o  5% by weight) may be added. 
(d) D i p  o r  p re s su re  sp ray .  
( e )  Sometimes used t o  loosen s c a l e .  
( f )  Percent  by weight .  
(g) Bo i l i ng  water may be used t o  f a c i l i t a t e  dry ing .  

a l l o y e d  types ,  such as 309, 310, 316, 317, and 318. 

(Note: I n  t h e  p rec ip i t a t i on- ha rdened  cond i t i on ,  t h e  h igh  hardness and t h e  na tu re  
of t he  s t r u c t u r e  make t h e  s t ee l  s u s c e p t i b l e  t o  s t r a i n  c racking  du r ing  p i ck l ing .  
Therefore ,  t h e  immersion t i m e  i n  t h e  a c i d  s o l u t i o n s  should be as  s h o r t  a s  
pos s ib l e . )  
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TABLE VII. COMPOSITIONS OF ELECTROLYTIC PICKLING SOLUTIONS 
FOR VARIOUS STEELS (Ref. 19) 

Acid in solution,% by volunr! 
HC 1 H2S04 HN03 H3P04 Electrolytic 

Material being pickled unit 

Low-carbon sheets A-c bipolar 2 to 3 - -  -- -- 

Low-carbon continuous strip A-c bipolar 2 to 3 - -  -- - -  

D-c direct contact -- 5 to 15 --  - -  

-- -- 1 Plain carbon steel couplings D-c direct contact - -  

Ferritic and martensitic A-c anodic 
stainless 
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TABLE V I I I .  PREFERRED BASE-METAL CONDITION FOR JOINING 
(Refs. 9,10,11,12,14) 

Alloy Arc Welding Resistance Welding Brazing (4 

Stainless W 
17-4 PH 

15-5 PH 

414 Ti 

ALMAR 362 

ALMAR 363 

17-7 PH 

PH 15-7 MO 

AM-350 

AM-355 

A-286 

17- 1OP 

"M 

Martensitic Types 

Anne a 1 ed Aged 

Annealed for light Aged 
sections, overaged 
for heavy sections 
Annealed for light , Aged 
sections, overaged 
for heavy sections 

As received Aged 

Anne a 1 e d 
As received As received 

Annealed or aged 

Semiaustenitic Types 

Anne a 1 ed 

Anne a 1 e d 
Annealed or aged Annealed or aged 

Annealed or aged Annealed or aged 

Transformed or aged 

Transformed or aged 

Austenitic Types 

Annealed or aged (b) Not re commended 

Not re commended Aged 
Not recommended -- 

-- 
-e 

-- 

Annealed or aged 

Any -- 
-- 

(a) Conditions given are those which should be used to get maximum strengths when 
welding these alloys to themselves. 

May be welded with specially designed filler metals; Inco 92  or Hastelloy W. (b) 
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Plasma-Arc Cut t ing .  For c u t t i n g  metals, t h e  p lasma arc i s  e s t a b l i s h e d  

between t h e  e l e c t r o d e  and t h e  workpiece; v a r i o u s  gases  are used t o  form the  

. plasma,  depending on t h e  p a r t i c u l a r  metal be ing  cu t .  I n  c o n t r a s t  t o  t h e  oxy- 

ace ty l ene  p roces s ,  where t h e  c u t t i n g  speed i s  l i m i t e d  by t h e  ra te  a t  which t h e  

chemical r e a c t i o n  between oxygen and i r o n  proceeds,  t h e  c u t t i n g  speed a f  t he  

p l a sma  arc i s  l i m i t e d  only  by t h e  power a v a i l a b l e  f o r  c u t t i n g  and t h e  q u a l i t y  of  

t h e  c u t  i t s e l f .  The q u a l i t y  of  c u t t i n g  i s  governed l a r g e l y  by t h e  choice and/or  

magnitude of  t h e  fo l lowing  process  v a r i a b l e s :  (1) type  of  plasma gas ,  (2)  gas 

flow rate,  (3) c u t t i n g  speed,  and ( 4 )  stand- off  d i s t a n c e s .  Torch parameters such 

as t h e  s i z e  of  t h e  c u t t i n g  t i p  and t h e  s e l e c t e d  power l e v e l  are more i n  t h e  n a t u r e  

of  dependent v a r i a b l e s .  Once they  are s e l e c t e d ,  t h e  process  v a r i a b l e s  can be 

ad jus t ed  t o  produce accep tab l e  c u t t i n g .  Care must be exe rc i sed  i n  making such 

ad jus tments  when optimum c u t t i n g  cond i t i ons  a r e  r e q u i r e d ,  s i n c e  minor v a r i a t i o n s  

a f f e c t  t h e  smoothness of  t h e  c u t  s u r f a c e ,  t h e  amount of d r o s s  adher ing  t o  the  c u t ,  

and t h e  product ion  o f  an  undes i r ab l e  beve l l ed  s u r f a c e .  

App l i ca t ions .  There i s  no i n d i c a t i o n  i n  t h e  l i t e r a t u r e  t h a t  plasma- 

a r c  equipment has  been used t o  c u t  t h e  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels .  

However, one of  t h e  equipment producers  r epo r t ed  t h a t  two commercial s t e e l  supply 

f i rms had c u t  such materials.  (Ref. 20) .  Contact  w i th  one of t h e s e  o rgan iza t ions  

revea led  t h a t  cons ide rab le  q u a n t i t i e s  of  17-4 PH s t e e l  have been c u t  on a produc- 

t i o n  b a s i s  f o r  gene ra l  i n d u s t r i a l  use .  (Ref. 21). Contoured shapes and b lanks  

have been c u t  without  d i f f i c u l t y  and, appa ren t ly ,  j o i n t  p r e p a r a t i o n s  f o r  subsequent 

welding ope ra t ions  w e r e  c u t  as w e l l .  Some evidence of edge c racking  w a s  no ted  

when a square  blank w a s  c u t  t o o  c l o s e  t o  t h e  edges of  a p l a t e .  Thicknesses  up t o  

one- inch were cu t .  The second f i rm  a l s o  r epo r t ed  c u t t i n g  17-4 PH s t e e l  wi th  

plasma-arc equipment. (Ref. 22). Bar s tock ,  about  2 inches  t h i c k  by 3 inches  

wide w a s  c u t  f o r  u se  i n  f a b r i c a t i n g  h e l i c o p t e r  b e l l  c ranks .  Although no d i f f i c u l t y  

w a s  experienced i n  c u t t i n g  t h i s  s t o c k ,  c r acks  were ev iden t  i n  t h e  f i n i s h e d  p a r t .  
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However, i t  i s  no t  known when t h e  c racks  w e r e  f i r s t  e v i d e n t ,  s i n c e  t h e  b a r  s tock  

was ground, d r i l l e d ,  and machined t o  form t h e  b e l l  crank.  The p a r t s  were a l s o  

hea t  t r e a t e d  a f t e r  f a b r i c a t i o n .  When materials  are cu t  wi th  the  p l a s m a  arc ,  a 

h e a t - a f f e c t e d  zone e x h i b i t i n g  m i c r o s t r u c t u r a l  changes from t h a t  o f  t h e  o r i g i n a l  

base meta l  occu r s ;  depending on the  h e a t  i n p u t ,  t h e  zone may be as wide as 0.010 

inch.  

Experience i n  plasma-arc c u t t i n g  of p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels  

i n d i c a t e d  t h a t  t h e  c u t t i n g  cond i t i ons  are s i m i l a r  t o  those  e s t a b l i s h e d  f o r  c u t t i n g  

Type 304 s t a i n l e s s  s teel .  These cond i t i ons  a r e  as fol lows:  

TABLE I X .  PLASMA-ARC CUTTING CONDITIONS FOR 
TYPE 304 STAINLESS STEEL (Ref. 21)  

T i p  P l a sma  G a s  Flow Ra te ,  Cu t t i ng  
Thickness  , Diameter , c f h  Power, Speed, 

i n .  i n .  N2 H2 A kw i p m  

114 31 32 90 5 -- 30 35 

11 2 3 / 3 2  90 5 -I 30 25 

1 7 / 6 4  120 10 -_ 50 30 

1 9 / 6 4  150 20 -I 100 55 

1 118 -- 20 145 30 25 

1-112 118 e.. 20 145 50 20 

1- 112 9 / 6 4  150 20 -- 100 30 

2 9 / 6 4  150 20 -- 100 15 

2 7 / 3 2  ..I 60  110 100 30 

3 3 /  16 200 20 -.. I50  10 

4 3 /  16 200 20 -- 200 6 

5 7 / 3 2  -I 7 0  130 150 10 

6 7 / 3 2  -" 70  130 150 6 

8 7/32 .  -- 7 0  130 150 4 

3 7 / 3 2  I- 6 0  110 100 25 

4 7 / 3 2  -- 6 0  110 100 25 

Note: For a given p l a t e  t h i ckness  t h e r e  i s  more than one set  of 
cond i t i ons  t h a t  w i l l  produce accep tab le  c u t s .  
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DISTORTION CONTROL AND TOOLING 

Because of t h e  p a t t e r n  of  h e a t i n g  and coo l ing  which develops dur ing  welding,  

. any welded p a r t  i s  s u b j e c t  t o  a c e r t a i n  amount of d i s t o r t i o n .  The amount of 

d i s t o r t i o n  occu r r ing  i n  welded p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  may be 

g r e a t e r  than  t h a t  encountered wi th  o t h e r  materials, p a r t i c u l a r l y  low-alloy s t e e l s .  

This  i s  because t h e  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  steels expand more on h e a t i n g  

and do no t  conduct t h e  h e a t  of t h e  arc away from t h e  weld area n e a r l y  as f a s t  as 

do low-alloy s t e e l  and o t h e r  metals. P rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  

a l s o  a r e  s u b j e c t  t o  growth and c o n t r a c t i o n  dur ing  h e a t  t rea tment .  For t h e s e  

reasons ,  g r e a t e r  care i s  r equ i r ed  t o  c o n t r o l  d i s t o r t i o n  i n  p r e c i p i t a t i o n -  

hardening s t a i n l e s s  s t e e l  than  i s  r equ i r ed  f o r  o t h e r  meta ls .  

Ling-Temco-Vought measured t h e  shr inkage  a c r o s s  GTA weld j o i n t s  i n  v a r i o u s  

t h i cknesses  of  PH 15-7 Mo shee t  (Ref. 2 3 ) .  The s h e e t  t h i cknesses  and t h e  welding 

cond i t i ons  used were: 

Sheet T rave l  F i l l e r  Wire Wire-Feed 
Thickness ,  Vol tage ,  Cur ren t ,  Speed, S i ze  , Speed, Heat I n p u t ,  

inch v o l t s  amp i pm inch  i p m  joules ,  p e r  inch 

0.040 1 2  100 15 0.030 25 4 , 8 0 0  

0.060 12 160 14 0.030 29 8 ,230  

0.085 12 190 10 0.030 35 13,680 

22 ,800  , 
I 

0.125 1 2  190 6 0.030 I 40  , 

The amount of  shr inkage  t h a t  occurred i n  t hese  welds i s  shown i n  F igure  1. 

A formula w a s  developed f o r  c a l c u l a t i n g  the  shr inkage  as a func t ion  of t h e  s h e e t  

th ickness .  This  formula is:  I 
I 

Weld shr inkage  ( inch)  = 0.153 x s h e e t  t h i ckness  ( i nch )  + 0.00045 
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FIGURE 1. SHRINKAGE O F  GTA WELDS I N  PH 15-7 Mo SHEET ( R e f .  2 3 )  
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The c a l c u l a t e d  v a l u e s  a l s o  are p l o t t e d  i n  F igure  1. These shr inkage v a l u e s  would 

be a f f e c t e d  by changes i n  any o f  t h e  welding parameters  and i n  t h e  type  o f  j i g g i n g .  

~ For  t h e s e  welds ,  t h e  p i e c e s  w e r e  h e l d  i n  a 3- foot- long s t a k e  welder f i x t u r e .  

Spacing between hold-down clamps on o p p o s i t e  s i d e s  o f  t h e  j o i n t  w a s  0.215 inch.  

A copper backing s t r i p  w i t h  a groove width  o f  0.140 i n c h  a l s o  w a s  used.  Ling- 

Temco-Vought c a u t i o n s  t h a t  t h e s e  v a l u e s  should n o t  be extended t o  o t h e r  materials,  

t h i c k n e s s e s  beyond t h i s  r ange ,  o r  t h e  use  of  o t h e r  welding parameters. 

The type  of  welding p rocess  used a l s o  w i l l  i n f l u e n c e  t h e  amount of weld 

shr inkage.  This  i s  because d i f f e r e n t  h e a t  i n p u t s  and d i f f e r e n t  amounts o f  m e t a l  

mel ted are a s s o c i a t e d  w i t h  d i f f e r e n t  welding p rocesses .  

i s  t h a t  o f  electron-beam welding where t h e  weld j o i n t  i s  much narrower than  t h e  

j o i n t s  produced by arc-welding processes .  I n  F igure  2 ,  t h e  shr inkage a c r o s s  t h e  

weld j o i n t  f o r  bo th  electron-beam and GTA welds i n  PH 15-7 Mo i s  p l o t t e d  (Ref. 2 4 ) .  

The shr inkage of  electron-beam welds t ends  t o  be independent of  material  th ick-  

n e s s .  Th is  i s  because t h e  width  of  electron-beam welds i s  r e l a t i v e l y  c o n s t a n t  

f o r  mater ia l  i n  t h i s  t h i c k n e s s  range.  

The most s t r i k i n g  example 

A b u t t  weld i n  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t ee l  s h e e t  w i l l  become 

bowed i n  t h e  d i r e c t i o n  o f  t h e  weld. This  i s  due t o  t h e  lengthwise  shr inkage o f  

t h e  weld metal and i s  c a l l e d  t h e  " drawstr ing e f f e c t" .  The weld a l s o  s h r i n k s  

a c r o s s  i t s  width  and,  i n  so  doing,  w i l l  cause  t h e  two pieces be ing  welded t o  draw 

t o g e t h e r  and c l o s e  up t h e  j o i n t  ahead of  t h e  weld. 

may spread apart i f  t h e  welding t r a v e l  speed i s  h igh  enough. Welds i n  p l a t e  do 

n o t  bow a p p r e c i a b l y  because t h e  r e s t r a i n t  i s  so high.  However, they a r e  s u b j e c t  

S u r p r i s i n g l y ,  p la tes  and s h e e t s  

t o  angu la r  d i s t o r t i o n .  Th is  type  of  d i s t o r t i o n  occurs  i n  p l a t e  because a beveled 

j o i n t  and a number o f  passes  are used. The opening a t  t h e  top of  t h e  j o i n t  i s  con- 

s i d e r a b l y  wider than  a t  t h e  bottom o f  t h e  j o i n t .  Moreover, t h e  r o o t  pass acts  a s  

a p i v o t ,  keeping t h e  p a r t s  from p u l l i n g  i n  uniformly a c r o s s  t h e  j o i n t  width.  Then, 

as each pass a f t e r  t h e  r o o t  p a s s  i s  put  i n  and s h r i n k s ,  i t  w i l l  p u l l  t h e  two 
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p i e c e s  t o g e t h e r  a t  an angle .  F i l l e t ,  l a p ,  and c o r n e r  welds a l s o  are  s u b j e c t  t o  

s i m i l a r  d i s t o r t i o n s .  

Growth o r  c o n t r a c t i o n  o c c u r r i n g  d u r i n g  h e a t  t r ea tment  of t h e s e  a l l o y s  i s  a 

v e r y  important  f a c t o r ,  e s p e c i a l l y  i n  l a y i n g  o u t  p a r t s  t o  be  f a b r i c a t e d  i n  t h e  

annealed c o n d i t i o n  and subsequen t ly  h e a t  t r e a t e d .  The t y p i c a l  dimensional changes 

o c c u r r i n g  d u r i n g  h e a t  t r ea tment  of t h e s e  a l l o y s  are as fol lows ( R e f .  25): 

Dimensional Change 
Alloy Treatment Type Amount, i n . / i n .  

17- 7 PH Transformat ion t rea tment  (1400 F) Growth 0.004 

Aging t rea tment  (950 o r  1050 F) Cont rac t ion  0.0004 t o  0.0007 

Condi t ion A hea ted  a t  1750 F f o r  Growth 0.0045 t o  0.0051 
10 minutes ,  a i r  cooled,  p l u s  
-100 F f o r  8 hours  

Heat ing Condi t ion R 100 f o r  Cont rac t ion  0.00028 t o  0.00032 
1 hour a t  950 F 

AM 350 Subzero coo l  and t e m p e r  

Double age 

17-4 PH Aging a t  900 F 

Growth 

Growth 

0.0045 

0.004 

Cont rac t ion  0.0004 t o  0.0006 

There are t h r e e  b a s i c  methods of  c o n t r o l l i n g  d i s t o r t i o n  caused by welding: 

(1) reduce shr inkage f o r c e s  by c o n t r o l l i n g  weld-bead sequence and h e a t  i n p u t ,  

(2)  o f f s e t  t h e  p a r t s ,  and (3)  r e s t r a i n  t h e  j o i n t  by t a c k i n g  and by u s i n g  j i g s  and 

f i x t u r e s .  

DISTORTION CONTROL BY REDUCTION OF SHRINKAGE FORCES 

Shrinkage f o r c e s  cannot be e l i m i n a t e d .  However, t h e r e  a r e  methods f o r  r e-  

ducing t h e  d i s t o r t i o n  caused by shr inkage f o r c e s .  These methods inc lude  avo id ing  

overwelding,  be ing  s u r e  of  good f i t - u p ,  u s i n g  backstep and s k i p  welding,  and 

c o n t r o l l i n g  h e a t  i n p u t  and p r e h e a t .  
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Excess weld metal may i n c r e a s e  d i s t o r t i o n  because t h e r e  i s  more metal t o  

sh r ink .  I d e a l l y ,  t h e  s u r f a c e  of  a b u t t  weld should be t l u s h  wi th  the  su r f ace  of  

t h e  base meta l .  This i s  d i f f i c u l t  t o  do, so b u t t  welds a r e  made wi th  a s m a l l  

amount of re inforcement .  However, t h e  amount of re inforcgment  should be kept  as 

s m a l l  as p o s s i b l e .  For  a f i l l e t  o r  l a p  weld, t he  s t r e n g t h  of t h e  j o i n t  i s  d e t e r -  

mined by t h e  t h r o a t  depth  of  t h e  weld. Excess weld me ta l  dm-s  n o t  i nc rease  the  

s t r e n g t h  h e r e ,  f o r  once t h e  f i l l e t  i s  l a r g e  enough t h e  base meta l  becomes t h e  

weakest l i n k  i n  t he  cha in .  The s i z e  of l a p  and f i l l e t  welds should not  exceed 

the  s i z e  i n d i c a t e d  i n  s p e c i f i c a t i o n s  o r  on drawings. The s u r f a c e  of  t h e s e  welds 

should be as f l a t  as t h e  welder  can make them. 

One way t o  avoid excess  weld metal and, t h u s ,  reduce diStort i Ion i s  t c r  use  

c o r r e c t  j o i n t  spac ing  (gap o r  r o o t  opening) .  Use a j o i n t  opening wide enough f o r  

good p e n e t r a t i o n ,  bu t  no wider .  I f  t he  opening i s  too  wide, more weld meta l  w i l l  

be needed t o  f i l l  t he  gap and more shr inkage  w i l l  occur .  Correc t  j o i n t  gap u s u a l l y  

i s  no more than  1 /16  inch r e g a r d l e s s  of t he  welding process  o r  t h i ckness .  No gap 

i s  p o s s i b l e  wi th  many processes  and t h i n  m a t e r i a l s .  

Backstep and sk ip  welding can be used €or  long cont inuous welds= In hnth qf 

t h e s e  methods, s h o r t  i n t e r m i t t e n t  welds a r e  made. For  backstep weldinx,  each b&ad 

i s  s t a r t e d  some d i s t a n c e  ahead of t he  previous bead and i s  welded back t o  j o i n  t h e  

beginning of t h e  prev ious  bead. A s k i p  weld i s  a s e r i e s  of s h o r t  beads made some 

d i s t a n c e  apar t .  The gaps between t h e  beads a r e  welded i n  a f t e r  t h e  beads have 

cooled. 

manual GMA welding. 

These techniques  u s u a l l y  a r e  used wi th  sh i e lded  meta l- arc  welding o r  wi th  

When welding t h i n  material ,  lengthwise o r  "drawstr ing"  bowing of t h e  p a r t  i s  

u s u a l l y  the  most s e r i o u s  type of  d i s t o r t i o n .  This can be reduced by us ing  as s m a l l  

an e l e c t r o d e  s i z e  ( sh i e lded  meta l- arc  and GMA welding) and as low a c u r r e n t  s e t t i n g  

as i s  p r a c t i c a l .  I n  t h i c k e r  m a t e r i a l ,  c rosswise  o r  angu la r  d i s t o r t i o n  i s  more a p t  

t o  occur .  This  can be reduced by c u t t i n g  down t h e  number of  passes, making t h e  

passes  h e a v i e r  and i n c r e a s i n g  t h e  welding t r a v e l  speed. 
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DISTORTION CONTROL BY OFFSETTING PARTS AND BALANCING SHRINKAGE FORCES 

I f  t h e  o p e r a t o r  can est imate t h e  amount of shr inkage o r  d i s t o r t i o n  t h a t  w i l l  

occur  i n  a p a r t i c u l a r  weld j o i n t ,  he can c o r r e c t  f o r  t h i s  d i s t o r t i o n  by o f f s e t t i n g  

t h e  p a r t s .  The welding d i s t o r t i o n  then  w i l l  p u l l  t h e  p a r t s  i n t o  t h e  c o r r e c t  

* p o s i t i o n  o r  a l ignment .  

Th is  method i s  p a r t i c u l a r l y  good f o r  T- j o i n t s .  The ''leg'' o f  t h e  T i s  o f f -  

set b e f o r e  t h e  weld i s  made. The shr inkage  o f  t h e  weld p u l l s  t h e  l e g  t o  i t s  

proper  90-degree p o s i t i o n .  I f  two welds are  t o  be  made, one on each s i d e  of  t h e  

l e g ,  t h e  "cap" o f  t h e  T could be ben t  s l i g h t l y  b e f o r e  t h e  welding w i t h  t h e  same 

r e s u l t s  a f t e r  t h e  welds are complete.  B u t t  welds and c o r n e r  welds made from one 

s i d e  can be o f f s e t  b e f o r e  welding t o  compensate f o r  d i s t o r t i o n .  

o f f s e t  r e q u i r e d  w i l l  v a r y  g r e a t l y ,  depending on t h e  material  t h i c k n e s s ,  welding 

parameters ,  welding p rocess ,  and welding technique.  No s p e c i f i c  d a t a  a r e  a v a i l a b l e  I 

f o r  t h e  amount o f  o f f s e t  r e q u i r e d  €or  p r e c i p i t a t i o n- h a r d e n i n g  s t a b l e s s  s t e e l s .  

The an,ount of  

O f f s e t t i n g  o r  prebending u s u a l l y  i s  used f o r  s h o r t  welds and s i m p l e  shapes.  

For  long welds ,  o r  f o r  welds i n  complex s t r u c t u r e s ,  t h e s e  methods may become t o o  

complicated t o  g ive  s a t i s f a c t o r y  r e s u l t s .  

Shrinkage f o r c e s  can o f t e n  be balanced a g a i n s t  each o t h e r  to- prevent  d i s t o r -  

t i o n .  Double V- o r  U- jo in t s  can be welded without  a n g u l a r  d i s t m t i o n  i f  t h e  p roper  

welding sequence i s  used.  I f  t h e  beads are depos i t ed  a l t e r n a t e l y  on o p p o s i t e  

s i d e s  o f  t h e  j o i n t ,  t h e  shr inkage  of  one bead w i l l  be balanced a g a i n s t  t h e  sh r ink-  

age from t h e  bead made on t h e  o t h e r  s i d e  of t h e  j o i n t  and t h e  p a r t s  should remain 

f l a t .  The same r e s u l t s  can be ob ta ined  i n  T-welds by making s h o r t  i n t e r m i t t e n t  

welds on o p p o s i t e  s i d e s  o f  t h e  l eg .  

DISTORTION CONTROL BY TACK WELDING AND J I G G I N G  

Usua l ly  t h e  most p r a c t i c a l  way t o  p reven t  d i s t o r t i o n  i s  t o  f a s t e n  o r  c l a m p  

t h e  p a r t s  r i g i d l y  b e f o r e  welding s o  t h a t  t h e y  cannot move. For s i m p l e  welds,  

t h i s  can be  done by t a c k i n g  b e f o r e  welding. 

o r  f o r  c r i t i c a l  assembl ies ,  j i g s  o r  f i x t u r e s  are  needed. 

For l a r g e  p a r t s  f o r  complex shapes 
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Tack Welding. Tack welds are used c h i e f l y  t o  keep t h e  p a r t s  from drawing 

t o g e t h e r  o r  sp read ing  a p a r t  d u r i n g  welding.  I n  o t h e r  words, they  are  used t o  

main ta in  t h e  r i g h t  j o i n t  al ignment and gap. They w i l l  n o t  prevent  a n g u l a r  o r  

lengthwise  d i s t o r t i o n  o r  bowing. Tack welds should always be used when t h e  p a r t s  

are n o t  clamped i n  a j i g  and sometimes they  are u s e f u l  even wi th  a j i g .  The 

spacing between t a c k  welds depends on t h e  t h i c k n e s s  of t h e  mate r ia l- - the  t h i n n e r  

t h e  m a t e r i a l  t h e  c l o s e r  t h e  t a c k  welds. They may be as c l o s e  as 314 i n c h ,  i f  

necessa ry .  

Tack welds ,  however, can be a source  of  d e f e c t s  when t h e  subsequent welds 

are made. Tack welds are  s u b j e c t  t o  c rack ing  i f  they  are too  s m a l l .  For  t h i s  

r eason ,  they  should always be i n s p e c t e d  and,  i f  cracked,  ground o u t  b e f o r e  subse- 

quent welding. Sound t a c k  welds should be ground t o  a smooth contour  t h a t  b lends  

evenly i n t o  t h e  base metal. This  w i l l  f a c i l - i t a t e  complete mel t ing  of  t h e  t a c k  

weld i n t o  t h e  subsequent weld. 

J i g g i n g .  J i g s  a r e  used f o r  two purposes:  (1) t o  hold t h e  pieces dur ing  

welding,  and ( 2 )  t o  prevent  d i s t o r t i o n .  For ho ld ing  pieces t o g e t h e r  f o r  welding,  

J i g s  can be used wi th  any t h i c k n e s s  of  m a t e r i a l .  To c o n t r o l  d i s t o r t i o n ,  though, 

h igg ing  i s  n o t  ve ry  e f f e c t i v e  f o r  material over  about 114 inch t h i c k .  The shr inkage 

f o r c e s  t h a t  develop i n  welds o f  t h i c k  material become s o  g r e a t  t h a t  a j i g  t o  hold  

t h e s e  f o r c e s  would be t o o  bulky t o  be p r a c t i c a l .  Thus, o t h e r  means of  c o n t r o l l i n g  

d i s t o r t i o n  should be used when welding t h i c k  s t a i n l e s s  s t ee l  s e c t i o n s .  

J i g s  can be s i m p l e  o r  complex, depending on t h e  shape of  t h e  p a r t s  be ing  

welded. The complex j i g s  u s u a l l y  a r e  in tended f o r  on ly  one s p e c i f i c  job  run.  

S i m p l e  j i g s ,  though, can be used f o r  a wide v a r i e t y  o f  welding jobs .  

The s i m p l e s t  j i g  c o n s i s t s  of  a backup b a r ,  two hold-down b a r s ,  and some 

C- clamps (F igure  3 ) .  The backup b a r  should be grooved so  t h a t  proper  weld pene- 

t r a t i o n  can be ob ta ined .  This  groove should be about 3/32-inch deep and about 10 

t i m e s  wider than  t h e  s h e e t  t h i c k n e s s  b u t  never  l ess  t h a n  3/16-incli w i d e .  Copper 
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i s  t h e  b e s t  mater ia l  f o r  t h e  backup b a r .  The weld metal w i l l  n o t  f u s e  t o  t h e  

copper and t h e  copper w i l l  ac t  as a c h i l l  b a r  t o  c o o l  t h e  weld j o i n t  q u i c k l y  t o  

a i d  i n  reduc t ion  of  d i s t o r t i o n .  The hold-down b a r s  may be o f  s t ee l  o r  copper w i t h  

copper p r e f e r r e d  i f  r a p i d  c o o l i n g  i s  d e s i r e d .  Water-cooled j i g s  are sometimes used 

t o  conf ine  t h e  welding h e a t  and promote f a s t  cool ing.  The edges of t h e  hold-down 

b a r s  are beveled so  t h a t  t h e r e  is  room t o  weld. 

Both t h e  hold-down and backup b a r s  should be r i g i d  so t h a t  t h e  weld shr inkage 

w i l l  n o t  bend t h e  j i g  p a r t s .  The b a r s  should be a t  least  112 inch  t h i c k .  A good 

pract ice  i s  t o  make t h e  backup b a r  o f  s t ee l  w i t h  a grooved copper i n s e r t .  Added 

r i g i d i t y  can be ob ta ined  by u s i n g  a n g l e s ,  T- sec t ions ,  o r  T-beams f o r  t h e  hold- 

down and backup b a r s .  

Where long welds a r e  t o  be made, t h e s e  s i m p l e  j i g g i n g  systems o f t e n  become 

awkward t o  use .  I f  t h e  pieces be ing  welded a r e  a l s o  wide,  i t  may be p o s s i b l e  t o  

apply clamps on ly  a t  t h e  ends of  t h e  j o i n t .  To c l a m p  t h e  c e n t e r  of  t h e  j o i n t  would 

r e q u i r e  C-clamps wi th  i m p r a c t i c a l  t h r o a t  dep ths .  For  such a p p l i c a t i o n s ,  specia l  

j i g s  have t o  be b u i l t  o r  purchased commercially. One j i g g i n g  method u s e s  common 

f i r e  hose as t h e  clamping dev ice .  The f i r e  hose i s  i n f l a t e d  wi th  a i r  under p r e s -  

s u r e  t o  f o r c e  t h e  clamping f i n g e r s  a g a i n s t  t h e  p a r t s  be ing  welded (Figure  4 ) .  

Other  j i g s  use  v a r i o u s  t y p e s  of mechanical  f i n g e r s  t o  apply t h e  clamping p r e s s u r e  

and are c a l l e d  s t a k e  welders  o r  s t a k e  f i x t u r e s  (Figure  5 ) .  

F i l l e t  welds and c o r n e r  welds can be j igged  u s i n g  t h e  simple “ang le- i ron  and 

C-clamp” equipment. The sharp c o r n e r s  on t h e  ang le  p i e c e s  should be ground o f f  

s o  t h a t  good f i t u p  can be  ob ta ined .  A s  wi th  b u t t  welds long f i l l e t  o r  c o r n e r  

j o i n t s  w i l l  r e q u i r e  spec ia l  j i g s .  

f i e d  e a s i l y  f o r  f i l l e t  and c o r n e r  welds. The same j i g g i n g  p r i n c i p l e s  a l s o  apply 

t o  edge and l a p  welds. 

The examples given f o r  b u t t  welds can be modi- 

The t o o l i n g  used i n  r e s i s t a n c e  welding p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

s tee l s  i s  g e n e r a l l y  s imi la r  t o  t o o l i n g  used i n  r e s i s t a n c e  welding o t h e r  materials, 

Resistance-welding t o o l i n g  c o n s i s t s  of  s u i t a b l e  f i x t u r e s  o r  j i g s  t o  hold  t h e  p a r t s  
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i n  proper  p o s i t i o n  f o r  welding and t o  conduct welding c u r r e n t  t o  t he  p a r t s .  

Sometimes t o o l i n g  i s  a l s o  designed t o  index the  p a r t  through t h e  welding equipment 

t o  i n s u r e  t h a t  welds a r e  made a t  t h e  proper  p o s i t i o n s .  The same gene ra l  r u l e s  

followed i n  des igning  any res i s tance- weld ing  t o o l i n g  should be followed f o r  t o o l i n g  

designed f o r  use  wi th  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s .  Genera l ly ,  t h i s  

means t h a t  nonmeta l l ic  o r  nonmagnetic components should be used e x c l u s i v e l y ,  and 

t h e  t o o l i n g  should not  contaminate t h e  base meta l .  

J O I N I N G  PROCESSES 

The p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  can be d iv ided  i n t o  two groups 

on t h e  b a s i s  of t h e i r  w e l d a b i l i t y  by fusion-welding processes .  The m a r t e n s i t i c  

and s e m i a u s t e n i t i c  s t e e l s  make up  t he  f i r s t  group. These s t e e l s  a r e  normally 

weldable wi th  f i l l e r  me ta l s  which have compositions which are t h e  same o r  s i m i -  

lar  t o  those  of t h e  base m e t a l .  I n  g e n e r a l ,  weldments i n  t h e s e  types  can be hea t  

t r e a t e d  t o  high s t r e n g t h  a f t e r  welding. 

The second group i s  made up  o f  t h e  a u s t e n i t i c  s t e e l s .  Except i n  t h i n  gages,  

t hese  a r e  no t  weldable w i th  f i l l e r  meta l s  of t he  same o r  similar composition. 

When fusion-welded, low- strength s t a i n l e s s  s t e e l  f i l l e r  meta l s  a r e  u s u a l l y  used. 

These f i l l e r  mefals avoid t h e  weld c r ack ing  problems t h a t  occur when f i l l e r s  of  

t h e  same composition as t h e  base  p l a t e  a r e  used. Even when s p e c i a l l y  formulated 

f i l l e r s  a r e  used,  h e a t - a f f e c t e d  zone c racking  may s t i l l  be a problem. Welds made 

with normal s t a i n l e s s  s t e e l  f i l l e r s  cannot be hea t  t r e a t e d  t o  i n c r e a s e  s t r e n g t h .  

Consequently,  e i t h e r  t h e  s t r e n g t h  of the  j o i n t  m u s t  no t  be important  i n  s e r v i c e  o r  

t h e  j o i n t  has  t o  be thickened t o  reduce t h e  s e r v i c e  s t r e s s e s  i n  the  weld. 

Widespread use  has  been made of t he  a r c- fus ion  and res i s tance- weld ing  processes  

f o r  f a b r i c a t i n g  t h e  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s .  Other  processes  

have a l s o  been used. Wide u s e  has been made of b r a z i n g  and some use of s o l i d - s t a t e  
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welding has  been r e p o r t e d .  Table X shows t h e  j o i n i n g  p rocesses  which have been 

used f o r  f a b r i c a t i n g  t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s tee l s .  These p rocesses  

a r e  desc r ibed  b r i e f l y  i n  Appendix A. D e t a i l e d  d e s c r i p t i o n s  of t h e  p rocesses  and 

t h e  equipment used can be found i n  References  19 and 26. Oxyacetylene and o t h e r  

oxy- fuel gas p rocesses  are n o t  d i scussed  h e r e  (except f o r  upse t- but t  welding) 

s i n c e  they  a r e  n o t  g e n e r a l l y  used f o r  f a b r i c a t i n g  aerospace components and 

s t r u c t u r e s .  

FUSION WELDING 

Fusion-welding p rocesses  a r e  those  i n  which s u b s t a n t i a l  amounts of molten 

metal  a r e  produced dur ing  t h e  j o i n i n g  o p e r a t i o n .  

quen t ly  are thought of  be ing  on ly  t h e  arc-welding p rocesses .  trowever, t h e r e  are 

o t h e r  p rocesses  t h a t  r i g h t f u l l y  belong i n  t h i s  ca tegory ,  p a r t i c u l a r l y  r e s i s t a n c e  

welding. A l l  o f  t h e  fusion-welding p rocesses  t h a t  commonly have been used i n  t h e  

f a b r i c a t i o n  of  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t e e l  hardware are included i n  

t h i s  s e c t i o n .  

Fusion-welding p rocesses  f r e-  

The arc-welding p rocesses  have had wide a p p l i c a t i o n  i n  j o i n i n g  p r e c i p i t a t i o n-  

hardening s t a i n l e s s  s t e e l s .  The most f r e q u e n t l y  used has been t h e  gas tungsten- arc  

p rocess  (GTA). Shie lded meta l- arc  and gas metal-arc (GMA) p rocesses  have been used 

t o  a l e s s e r  degree whi le  t h e  u s e  of  submerged-arc welding i s  q u i t e  l i m i t e d .  

Electron-beam welding i s  f i n d i n g  e v e r  widening accep tance ,  p a r t i c u l a r l y  i n  t h e  

j o i n i n g  of  t h i n  s h e e t .  Plasma welding i s  on ly  i n  t h e  exper imental  s t a g e ,  a l though  

t h e  a p p l i c a t i o n  of plasma f o r  c u t t i n g  i s  r e l a t i v e l y  common. 

Res i s tance  s p o t  welding h a s  been used e x t e n s i v e l y  f o r  f a b r i c a t i n g  a l i m i t e d  

number of t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s tee ls .  Seam welding,  p r o j e c t i o n  

welding,  and f l a s h  welding a l s o  have been used f o r  t h e s e  a l l o y s  but  t o  a lesser  

degree.  The use  o f  high- frequency r e s i s t a n c e  welding and s t u d  welding has  been 

l i m i t e d .  
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Shie lded  Metal-Arc Welding. The sh i e lded  meta l- arc  process  ( a l s o  c a l l e d  

metal-arc, s t i c k ,  o r  covered- elec t rode  welding) can be used f o r  welding t h e  

p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels  t h a t  do no t  c o n t a i n  aluminum (17- 4 PH, 

AM 355, and AM 350). (This  process  cannot  be used f o r  welding t h e  aluminum- 

con ta in ing  s t e e l s  due t o  t h e  d i f f i c u l t y  i n  recover ing  aluminum i n  t h e  base  meta l . )  

Shie lded  me ta l- a rc  welding i s  a ve ry  v e r s a t i l e  process  t h a t  can be used f o r  produc- 

i n g  h igh- qua l i t y  welds i n  a l l  p o s i t i o n s  ( f l a t ,  h o r i z o n t a l ,  o r  v e r t i c a l ) .  With 

care, s tee l  as t h i n  as 1/16 inch  can be welded by t h i s  process .  

E l ec t rodes  are a v a i l a b l e  commercially f o r  welding 17-4 PH, All  350, and AM 355. 

These e l e c t r o d e s  have a t i t a n i a  covering t h a t  enab le s  t h e  e l e c t r o d e s  t o  be used on 

e i t h e r  a-c o r  d-c. Normally,  an  e l e c t r o d e  wi th  t h e  same composition as the  base 

m e t a l  i s  used. I f  t h e  welds w i l l  n o t  be h e a t  t r e a t e d  t o  ach ieve  h igh  s t r e n g t h s ,  

s t anda rd  a u s t e n i t i c  s t a i n l e s s  s teel  e l e c t r o d e s  can be used,  e . g . ,  E308 o r  E316 

(Ref. 27) .  17-4 PH e l e c t r o d e s  may be used t o  weld 17- 7 p rec ip i t a t i on- ha rden ing  

s t e e l  (Ref. 7 ) .  Reasonable hea t- t rea tment  response can be obta ined  i f  h igh  weld- 

meta l  d i l u t i o n  i s  obta ined .  This  means t h e  o p e r a t o r  should " dig in" the  e l e c t r o d e  

when welding t o  melt  as much base metal as p o s s i b l e .  

The cover ing  on t h e s e  e l e c t r o d e s  has  a tendency t o  p i ck  up mo i s tu re  from t h e  

a i r  i f  t h e  e l e c t r o d e s  a r e  no t  kept  i n  a c losed  con ta ine r .  Moisture  i n  t he  e l e c-  

t rode  c o a t i n g  may cause p o r o s i t y  i n  t h e  weld metal. Thus, e l e c t r o d e s  from f r e s h l y  

opened c o n t a i n e r s  should always be used i f  pos s ib l e .  I f  e l e c t r o d e s  must be used 

t h a t  have been o u t  of t he  con ta ine r  f o r  some t i m e ,  t hey  should be d r i e d  i n  an 

e l e c t r o d e  d ry ing  oven. Usual ly ,  it i s  w e l l  t o  keep e l e c t r o d e s  i n  a d ry ing  oven 

a f t e r  t h e  c o n t a i n e r  has  been opened. The temperature  oE the  d ry ing  oven should 

fo l low t h e  e l e c t r o d e  manufac turer ' s  recommendations. 

Types of  Weld J o i n t s .  Typica l  weld j o i n t s  f o r  use  with t h e  sh i e lded  

meta l- arc  process  i n  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l  a r e  shown i n  

F igu res  6 and 7. The r o o t  gap and r o o t  face  dimensions shown i n  t h e s e  f i g u r e s  



or Y45Y 

a. 1/8 to 3/16-inch-thick base metal 

b. 3/16 to W- inch  thick base metal 

FIGURE 6. JOINT DESIGNS FOR SHIELDED-METAL-ARC WELDS IN PRECIPITATION*HARDE>'lYC 
STAINLESS STEEL, BASE METAL UNDER 1 / 2  INCH THICK 

\ I  
\ 

to 3/16'' 
-1/8 to 1/4" 

FIGURE 7. JOINT DESIGNS FOR SHIELDED-METAL-ARC WELDS I N  
PRECIPITATION-HARDENING STAINLESS STEEL, 
BASE METAL OVER 1 / 2  INCH THICK 
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are approximate and may vary  accord ing  t o  t h e  t h i ckness  o f  p l a t e  being jo ined ,  

t h e  welding p o s i t i o n ,  and t h e  diameter  o f  t h e  e l e c t r o d e .  

For welding p l a t e  where t h i ckness  i s  3/16 t o  112 i nch ,  t h e  edges of t h e  p la te  

are beveled t o  produce a 60-degree V- jo in t  (Figure 6 ) .  Welds i n  material 1/4 

inch  o r  more t h i c k  should be made wi th  a minimum of  two passes. 

For welding p l a t e  which th i ckness  exceeds 112  inch ,  a s i n g l e -  o r  double U- 

groove o r  a double V-groove should be used (F igure  7 ) .  A 3-groove should be used 

f o r  f i l l e t  and corner  welds. Although t h e  U- and J- grooves a r e  more expensive 

t o  p repa re ,  less f i l l e r  meta l  i s  r equ i r ed  t o  f i l l  them. Cleaning between weld 

passes i s  r equ i r ed  and t h e  backside oE the  r o o t  p a s s  should be ground t o  s o l i d  

meta l  be fo re  welding from t h e  backside of a double U- o r  double V- j o i n t .  

Welding Procedures .  No unusual  procedures  a r e  r equ i r ed  f o r  sh i e lded  

meta l- arc  welding of p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s .  Welders t r a i n e d  

i n  t h e  welding of  convent iona l  s t a i n l e s s  s teels  have l i t t l e  d i f f i c u l t y  i n  l e a r n i n g  

t o  make good welds i n  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels .  Recommended 

welding cond i t i ons  are a v a i l a b l e  from the  e l e c t r o d e  s u p p l i e r ,  a l though t h e s e  

recommendations should se rve  as a guide on ly .  The b e s t  cond i t i ons  f o r  any a p p l i -  

c a t i o n  w i l l  va ry ,  depending on j o i n t  shape and al ignment ,  metal  t h i c k n e s s ,  

proximity of c h i l l  b a r s ,  and t h e  o p e r a t o r ' s  p re fe rence .  Typical  cond i t i ons  a r e  

given i n  Table  X I .  

P recau t ions .  The hea t- t rea tment  response of welds i n  p r e c i p i t a t i o n -  

hardening s t a i n l e s s  s t e e l s  w i l l  vary with t h e  composition of  t h e  weld metal .  The 

composition o f  AM 350 and AM 355 welds should match t h e  composition of  t h e  base 

m e t a l  as c l o s e l y  as p o s s i b l e  so t h a t  the  weld-metal s t r e n g t h  w i l l  be similar t o  

t h e  base-metal s t r e n g t h  (Ref. 7 ) .  However, t h e  weld-metal composition can be 

a f f e c t e d  by the  t r a v e l  speed,  a r c  l e n g t h ,  and the  o p e r a t o r ' s  technique.  For t h i s  

reason ,  q u a l i f i c a t i o n  of  t h e  welding o p e r a t o r  i s  very  important  t o  ensure  t h a t  
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TABLE X I .  SUGGESTED WELDING CONDITIONS FOR 
SHIELDED-METAL-ARC WELDING OF 
PRECIPITATION-HARDENING STEELS 

1 ; E l e c t r o d e  Arc C u r r e n t ,  amp 
I D i a m t e r ,  V o l t a g e ,  Ver t ica l  a n d '  
, i n c h  volts F l a t  O v e r h e a d  

1 / 1 6  20-22 25 -40 20-35 

' 5 /64  28-23 35-55 30-55 

3 / 3 2  22-25 40-70 35-65 

i 23-25 70-120 55-85 ! 

5 I 3 2  23-26 100-145 80-120 I 

! 
I 

3 / 1 6  24-27 125-190 100-155 
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t h e  o p e r a t o r  i s  u s i n g  procedures  that w i l l  produce weld j o i n t s  wi th  t h e  d e s i r e d  

p r o p e r t i e s ,  I n  g e n e r a l ,  s h i e l d e d  metal-arc welding o f  p r e c i p i t a t i o n- h a r d e n i n g  

s t a i n l e s s  s teels  should be done w i t h  a s h o r t  arc l eng th .  Long arcs cause  a loss 

o f  chromium from t h e  weld m e t a l .  

I n  m u l t i p a s s  welding,  each  bead should be c leaned and wire brushed b e f o r e  

t h e  nex t  bead i s  depos i t ed  t o  ensure  t h a t  s l a g  i s  n o t  t rapped i n  t h e  weld. I f  

welding i s  done from both s i d e s ,  t h e  unders ide  of  t h e  r o o t  pass should be ground 

o r  chipped o u t  t o  c l e a n ,  s o l i d  weld m e t a l  b e f o r e  t h e  back weld i s  made t o  e l i m i n a t e  

s l a g  entrappment and e n s u r e  f u l l  p e n e t r a t i o n .  

It i s  important  t o  always f i l l  t h e ' c r a t e r  b e f o r e  b reak ing  t h e  arc. A t h i n  

crater w i l l  be weak and may c rack  on cool ing.  Crater c r a c k s  a r e  ve ry  d i f f i c u l t  

t o  remove when t h e  subsequent pass  i s  depos i t ed .  I f  they do occur ,  t h e  crater 

should always be ground o u t  b e f o r e  t h e  nex t  p a s s  i s  depos i t ed .  

A f t e r  t h e  weld i s  completed, a l l  welding s l a g  should be removed from t h e  

s u r f a c e  of  t h e  weld j o i n t .  P a r t i c l e s  of  welding s l a g  l e f t  on t h e  s u r f a c e  can 

cause  c o r r o s i v e  a t t a c k  dur ing  subsequent s e r v i c e ,  p a r t i c u l a r l y ,  i f  h igh- temperature  

s e r v i c e  i s  a n t i c i p a t e d .  

Gas Tungsten-Arc Welding. The manual and automat ic  GTA welding p rocesses  

are t h e  most f r e q u e n t l y  used p rocesses  f o r  j o i n i n g  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

s teels .  High- qual i ty  weld j o i n t s  can be produced i n  a l l  t y p e s  of  p r e c i p i t a t i o n-  

hardening s t a i n l e s s  s teels  w i t h  t h i c k n e s s e s  u p  t o  about 114 inch.  GTA welding 

can a l s o  be used f o r  welding mater ia l  t h i c k e r  than  114 i n c h ,  b u t  welds can be made 

more economically and f a s t e r  i f  t h e  GMA p rocess  i s  used f o r  t h e s e  th icknesses .  

With GTA welding,  t h e  welding h e a t ,  t h e  amount of  p e n e t r a t i o n ,  and t h e  bead shape 

can be v e r y  a c c u r a t e l y  c o n t r o l l e d .  I n t e r p a s s  o r  e l a b o r a t e  postweld c l e a n i n g  

o p e r a t i o n s  are n o t  r e q u i r e d  as t h e r e  i s  v e r y  l i t t l e  spa t t e r ,  t h e r e  i s  no s l a g  

c r u s t ,  and t h e  bead surEace i s  smooth and uniform. GTA welding o p e r a t i o n s  can 

be manual, mechanized, o r  f u l l y  automat ic .  
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Host p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t ee l  i s  GTA welded u s i n g  d i r e c t  

c u r r e n t  a t  s t r a i g h t  p o l a r i t y .  Conventio;Tal d-c power s u p p l i e s  ( t h e  motor genera- 

* t o r  or r e c t i f i e r )  having a drooping v o l t  ampere c h a r a c t e r i s t i c  a r e  used f o r  GTA 

welding. 

s t a r t i n g  dev ices  f o r  i n i t i a t i n g  t h e  welding arc.  A l t e r n a t i n g  c u r r e n t  power sup- 

These power s u p p l i e s  u s u a l l y  are equipped wi th  high- frequency arc 

p l i e s  sometimes a r e  used f o r  welding t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t ee l s  

t h a t  c o n t a i n  aluminum. This  i s  because the  a l t e r n a i i n g  welding c u r r e n t  t ends  t o  

e l i m i n a t e  t h e  aluminum oxide s c u m  which sometimes forms on the  s t i r face  of t h e  

molt,en weld m e t a l .  A l t e r n a t i n g  c u r r e n t  power s u p p l i e s  should be  equipped with  

dev ices  f o r  superimposing a high- freqiiency c u r r e n t .  

E l e c t r o d e s  f o r  GTA weldinn p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t ee l s  a r e  

made from e i t h e r  p u r e  tungs ten  o r  tcingsten a l l o y  w i t h  1X thorium wi th  t h e  t h o r i a t e d  

tungs ten  e l e c t r o d e s  be ing  p r e f e r r e d .  Compared t o  p u r e  tunzs ten  , the t h o r i a t e d  

e l e c t r o d e  l a s t s  longer ,  makes a r c  s t a r t i n g  e a s i e r ,  has a more s t a b l e  a r c  e s p e c i a l l y  

a t  low c u r r e n t s ,  and h a s  less tendency t o  s p i t  O L E  p a r t i c l e s  o f  Lungsten i n t o  the  

weld meEal. The s i z e  01 t h e  e l e c t r o d e  t o  u s e  i s  governed by the amount of  weld- 

i n g  c u r r e n t  t h a t  i s  r e q u i r e d  t o  make t h e  weld. The e l e c t r o d e  s i z e s  t o  be iised f o r  

v a r i o u s  c u r r e n t  s e t t i n g s  are given i n  Table  X I I .  I f  t h e  wrong s i z e  of e l e c t r o d e  

i s  used,  t h e  arc may be  hard t o  c o n t r o l  o r  tungs ten  may be depos i t ed  i n  t h e  weld 

metal. 

For  welding p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t e e l ,  t h e  e l e c t r o d e  i s  ground 

t o  a sharp p o i n t  o r  t o  a p o i n t  wiiere t h e r e  i s  a s l i g h t l y  rounded t i p .  During 

welding a s m a l l  b a l l  of molten tungs ten  w i l l  form a t  the end o f  t h e  e l e c t r o d e .  

A s  long as t h i s  b a l l  i s  s m a l l  i t  w i l l  no t  i n t e r f e r e  wi th  good arc c o n t r o l .  How- 

e v e r ,  i f  t h e  c u r r e n t  i s  s e t  too  high f o r  t h e  s i z e  of  t h e  e l e c t r o d e  be ing  used,  

t h e  molten b a l l  w i l l  become l a r g e r  and t h e  arc w i l l  3e harder  t o  c o n t r o l .  A 

danger a l s o  e x i s t s  t h a t  a l a r g e  molten b a l l  on t h e  end of  t h e  e l e c t r o d e  may become 
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TABLE X I I .  RECOMMENDED CURRENT RANGES FOR TUNGSTEN AND 
THORIATED TUNGSTEN ELECTRODES (Ref. 26) 

30-80 60-120 i 1/16 70-150 50-100 70-150 

I 

(a) Cur ren t  Range, amperes 
Direct Current  A l t e r n a t i n g  Cur ren t ,  A l t e r n a t i n g  Cur ren t ,  
S t r a i g h t  P o l a r i t y ,  Unbalanced Wave Balanced Wave 

E l e c t r o d e  Both Pure  Power Supply Pcwer Supply 
Diameter , Tungsten and Pure Thor ia ted  Pure Thoriatedj 

i n c h  Thor ia ted  TunPsten Tungsten Tungsten Tunas t e n  TunPs~ten I 

I i 0.040 

i 
15-80 

1 
i 
1 

10-60 15-80 20-30 20-60 1 

i 

250-400 150-210 225-325 100-180 160-250 I 

( a )  These c u r r e n t  va lues  are f o r  argon s h i e l d i n g  gas .  
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dis lodged  and drop i n t o  t h e  molten weld puddle.  The obvious s o l u t i o n  t o  avoid 

such tungs ten  contaminat ion i s  t o  use  t h e  nex t  l a r g e r  s i z e  tungs ten  e l e c t r o d e .  

Care must be exe rc i sed  t o  avoid contaminat ion of  t h e  end of t h e  e l e c t r o d e .  

E lec t rode  contaminat ion u s u a l l y  i s  caused by touching t h e  end of t h e  e l e c t r o d e  t o  

t h e  molten weld metal. When t h e  e l e c t r o d e  i s  contaminated, a l a r g e  molten b a l l  

of  a mix ture  of  t ungs t en  and t h e  base  metal w i l l  form on t h e  t i p  o f  t h e  e l e c t r o d e .  

I f  t h i s  happens, t he  welding ope ra t ion  should be h a l t e d  and the  e l e c t r o d e  reground 

t o  remove t h e  contaminated po r t ion .  

F i l l e r - w i r e  f eede r s  are used i n  mechanized and au tomat ic  GTA welding t o  add 

f i l l e r  wire  t o  t h e  weld a t  a c l o s e l y  c o n t r o l l e d  speed and l o c a t i o n .  The w i r e  i s  

fed from a spoo l  by motor-driven feed r o l l s  whose speed can .be r e g u l a t e d  a c c u r a t e l y  

over  a wide range. An a d j u s t a b l e  meta l  guide tube d i r e c t s  t h e  wire  i n t o  t h e  weld 

puddle a t  t h e  c o r r e c t  ang le  and d i r e c t i o n .  The guide tube  u s u a l l y  i s  a t t ached  t o  

t h e  welding t o r c h  s o  t h a t  t h e  c o r r e c t  alignment between t h e  e l e c t r o d e  and t h e  

f i l l e r  wire can be maintained.  I n  manual welding, a foo t  c o n t r o l  u s u a l l y  i s  used 

t o  r e g u l a t e  t h e  welding c u r r e n t .  The o p e r a t o r  can s ta r t  the  weld a t  a low c u r r e n t  

and then  b u i l d  up the  c u r r e n t  t o  t h e  d e s i r e d  l e v e l  du r ing  welding by o p e r a t i n g  t h e  

foo t  con t ro l .  A t  t h e  end o f  t h e  weld, t h e  c u r r e n t  can be lowered t o  e l i m i n a t e  a 

c r a t e r  which may o therwise  form. Also,  t h e  c u r r e n t  can be reduced when t y i n g  i n  

w i th  a weld a l r eady  made. 

Argon o r  helium o r  a mixture of  t he  two gases  are used t o  p r o t e c t  t h e  end of  

t h e  e l e c t r o d e ,  t h e  arc,  and t h e  molten weld puddle from t h e  atmosphere du r ing  

welding . 
Argon i s  used f o r  manual GTA welding of  prec ip ia t ion- hardening  s t a i n l e s s  s t e e l  

f o r  s e v e r a l  reasons .  I n  argon,  t h e  a r c  i s  smooth and easy  t o  s ta r t  and c o n t r o l .  

Compared wi th  helium, t h e  arc  i n  argon i s  c o o l e r  which means t h a t  t h e  weld puddle 

w i l l  be smaller and t h e  welding o p e r a t o r  w i l l  have b e t t e r  c o n t r o l  over  p e n e t r a t i o n .  

Argon i s  more economical t o  u se  than helium because i t  i s  cheaper  and because 
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lower flow rates a r e  used wi th  argon. S ince  argon i s  h e a v i e r  t han  a i r ,  whi le  

helium i s  l i g h t e r  t han  a i r ,  t h e  argon b l anke t s  t he  weld a r e a  b e t t e r  t h a n  helium. 

For helium t o  s h i e l d  as w e l l  as argon, t h e  flow rate m u s t  be two t o  t h r e e  t i m e s  

t h a t  of argon. Argon a l s o  provides  b e t t e r  s h i e l d i n g  i f  t h e r e  are any d r a f t s  o r  

breezes  t h a t  might d i s t u r b  t h e  gas s h i e l d .  

Helium u s u a l l y  i s  used f o r  automatic  welding because,  f i r s t ,  t h e  arc i s  

h o t t e r ,  and second, t he  arc l eng th  can be c o n t r o l l e d  more a c c u r a t e l y  than wi th  

argon. The h ighe r  hea t  of  hel ium- shielded a r c  p e r m i t s  high t r a v e l  speeds t o  be 

used. 

argon. Automatic GTA welding i s  f requen , t ly  used i n  h igh  product ion  a p p l i c a t i o n s ,  

when h igh  t r a v e l  speeds are impor tan t .  Occas iona l ly ,  helium may be used f o r  

manual GTA welding very  t h i c k  p a r t s  where a g r e a t  many passes are r equ i r ed  t o  

f i l l  t h e  weld j o i n t .  By us ing  helium i n s t e a d  of  a rgon ,  h e a v i e r  passes can be 

made and t h e  j o i n t  can be completed qu icke r .  I n  au tomat ic  welding,  t h e  a r c  l eng th  

i s  c o n t r o l l e d  through measurement of  changes i n  arc vo l t age .  These changes can  

be measured more e a s i l y  when the  arc  i s  sh i e lded  wi th  helium. Thus, t h e  arc  

l eng th  can be c o n t r o l l e d  more a c c u r a t e l y  i n  helium than  i n  argon. 

The t r a v e l  speed can be inc reased  as much as 40% by us ing  helium i n s t e a d  of 

A mix ture  of  argon and hel ium i s  sometimes used i n  automatic  GTA welding. 

The mixture  i s  u s u a l l y  used t o  o h t a i n  an a r c  t h a t  i s  l e s s  p e n e t r a t i n g  than  t h e  

a r c  ob ta ined  wi th  pure helium. A mix ture  of argon and helium might be used when 

welding ve ry  t h i n  s t a i n l e s s  s tee l  t o  prevent  burnthrough. The arc w i l l  become 

coo le r  as the  amount of  argon i s  inc reased .  Usual ly ,  mix tures  a r e  25 argon-75 helium, 

o r  50 argon-50 helium. These, as well as o t h e r  mix tures  of argon and helium, can 

be obta ined  a l r e a d y  mixed i n  tanks  from gas s u p p l i e r s .  S p e c i a l  va lves  and con t ro l-  

l e r s  a r e  a l s o  a v a i l a b l e  t h a t  a l l ow t h e  u s e r  t o  mix t h e  gases  i n  any r a t i o  d e s i r e d  

from tanks  of p u r e  argon and helium. 

F i l l e r  w i r e  i s  used i n  GTA welding t o  f i l l  up a j o i n t  t h a t  has  a V- o r  U- 

shape o r  a j o i n t  t h a t  has  poor f i t u p .  F i l l e r  w i r e  should be used when making b u t t  

welds i n  1/16 inch  o r  t h i c k e r  m a t e r i a l  so t h a t  t h e  weld w i l l  have a good bead 
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re inforcement .  F i l l e r  w i r e  a l s o  should be used when making f i l l e t  welds. Lap 

and c o r n e r  welds r e q u i r e  f i l l e r  w i r e  when t h e  base  mater ia l  i s  over  about 118 inch  

t h i c k .  

The d iamete r  of t h e  E i l l e r  w i r e  t h a t  i s  used w i l l  depend upon t h e  t h i c k n e s s  

of  t h e  material t o  be welded and t h e  c u r r e n t  s e t t i n g s .  F i l l e r  w i r e  t h a t  i s  too  

l a r g e  w i l l  t a k e  t o o  much of  t h e  welding h e a t  t o  m e l t  i t  and t h e  weld may lack  

p e n e t r a t i o n .  I f  t h e  f i l l e r  w i r e  i s  too  s m a l l ,  t h e  welder  may have d i f f i c u l t y  

Eeeding it i n t o  t h e  weld pool  f a s t  enough t o  b u i l d  up t h e  weld bead p roper ly .  

Proper  gu id ing  of  t h e  f i l l e r  w i r e  i n t o  t h e  weld puddle a l s o  i s  important .  

Weld-metal p o r o s i t y  has  been caused by err(ztic guiding o f  t h e  w i r e  ( R e f .  2 8 ) .  

This  p o r o s i t y  w a s  e l i m i n a t e d  by always gu id ing  the  wire i n t o  t h e  puddle on t h e  

j o i n t  c e n t e r l i n e  and a t  t h e  puddle l e a d i n g  edge.  

Types of  Weld J o i n t s .  Figure  8 siiows recommended b u t t  j o i n t s  f o r  

GTA welding v a r i o u s  t h i c k n e s s e s  o f  precipia t i -on-hardening s t a i n l e s s  s teels  

Although t h e s e  j o i n t  des igns  a r e  recommended f o r  PH 15-7 Mo s h e e t ,  they could be 

used f o r  t h e  o t h e r  p r e c i p i t a ; i o n  s t a i n l e s s  s t ee l s  11. 

Welding Proced:? res. The welding oE prec ip ia t ion- harden ing  s t a i n-  

less  s tee ls  r e q u i r e s  no unusual  brelding procedures .  

r e q u i r e  c l o s e  c o n t r o l  of  t h e  welding o p e r a t i o n  and the  e x e r c i s e  of  c e r t a i n  precau t l  ons. 

However, optimum q u a l i t y  welds 

Condi t ions  used f o r  welding t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s tee ls  are 

s i m i l a r  t o  those  used t o  weld t h e  a u s t e n i t i c  s t a i n l e s s  s tee ls .  Typica l  c o n d i t i o n s  

are given i n  Table  XIII. 

s tee ls  t h a t  c o n t a i n  aluminum t h e  scum t h a t  forms on top  of t h e  molten weld metal 

may becone a problem t o  t h e  o p e r a t o r .  I n  t h i s  c a s e ,  t h e  o p e r a t o r  may p r e f e r  t o  

use  a l t e r n a t i n g  c u r r e n t  i n s t e a d  o f  d i r e c t  c u r r e n t  s t r a i g h t  p o l a r i t y .  This  s c u m  

normally does n o t  create any major problems, however, i t  is  a nu i sance ,  d e t r a c t s  

from t h e  appearance of t h e  weld,  and t ends  t o  h inder  f l o w  of t h e  molten weld metal .  

When welding t h e  p r e c i p i t a i : i o n - l ~ a r d e n i n g  s t a i n l e s s  
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--lt-O to 0.1 T 

i 0.005'' 

Materia I thickness 

0.020 to 0.125" 
Minimum thickness O.Ol0" 
for automatic welding 

0.002 to 0.020" 
(Automatic welding only) 

0.080 to 0.250" 

0.125 to 0.375" 

0.375" to 0.750" 

FIGURE 8. TYPICAL BUTT JOINTS FOR GTA WELDING 
PRECIPITATION-HARDENING STAINLESS 
STEEL 
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The f i l m  a l s o  tends  t o  act as an  i n s u l a t i p g  b a r r i e r  t o  t h e  weld me ta l  which re- 

duces t h e  h e a t  i n p u t  i n t o  t h e  weld, t hus  a somewhat h i g h e r  weldiag c u r r e n t  may be 

necessary  t o  o b t a i n  complete p e n e t r a t i o n  when us ing  d i r e c t  c u r r e n t .  

wander a l s o  may be  induced by t h e  scum. 

Some arc 

P r o t e c t i o n  of  t h e  unders ide  of  t h e  weld j o i n t  alwsys i s  necessary  t o  prevent  

ox ida t ion  o f  t he  backside of  t h e  weld and t o  i n s u r e  smooth contour  of  t h e  weld 

metal on t h e  backside of  t h e  j o i n t .  The most common way of  p r o t e c t i n g  t h e  back- 

s i d e  of t he  weld j o i n t  i s  t o  u s e  a grooved copper ba r .  The p i e c e s  be ing  se lded  

are he ld  t i g h t l y  a g a i n s t  t h e  b a r  wi th  c lamps .  By drawing hea t  away from t h e  weld 

zone, t h e  copper backup b a r  p reven t s  burqthrough t o  t h e  j o i n t .  I f  t o o  much meta l  

should be mel ted ,  t h e  backup b a r  w i l l  support  t h e  molten m e t a l  and prevent  i t  from 

d r ipp ing  through t h e  j o i n t .  I f  t h e  backup b a r  i s  n o t  used ,  t h e  unders ide  of  t h e  

weld bead would be open t o  t h e  atmosphere and could p i c k  up contaminants from t h e  

a i r .  For welding l i g h t  gage p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t ee l ,  b e t t e r  pro- 

t e c t i o n  i s  obta ined  by reduc ing  t h e  s i z e  of  t h e  groove i n  t h e  copper backup bar .  

For gene ra l  welding of t h e s e  t h i cknesses  of  material t he  groove should be about  

3/32 inch  wide and about  0.015 inch  deep. With t h e  b a r  i n  place only  a s m a l l  

amount of  a i r  conta ined  i n  t h e  groove i t s e l f  can c o n t a c t  t h e  unders ide  of  t h e  

j o i n t .  Thus, much l e s s  contaminat ion can occur .  However, i f  i t  is  d e s i r e d  t o  

completely s h i e l d  t h e  unders ide  from a i r ,  a gas- sh ie ld ing  backup b a r  can be used. 

This  b a r  h a s  p rov i s ions  f o r  f lowing argon o r  helium i n t o  t h e  groove and thus  only  

an i n e r t  gas comes i n  c o n t a c t  w i th  t h e  unders ide  of  t h e  bead. 

of  t h i s  t ype  i s  shown i n  F igu re  9. 

A t y p i c a l  backup b a r  

For  c r i t i ca l  a p p l i c a t i o n s ,  t h e  dimensions of t h e  groove are ve ry  important .  

The c h i l l i n g  e f f e c t  of t h e  copper backup b a r  varies i n v e r s e l y  w i th  t h e  width of  

t h e  groove, i .e . ,  t h e  narrower t h e  groove, t h e  g r e a t e r  t h e  amount of  c h i l l i n g .  

This ,  i n  t u r n ,  a f f e c t s  t h e  width of the fu s ion  and hea t- a f f ec t ed  zones of  t h e  

weld j o i n t .  Ling-Temco-Vought has  s p e c i f i e d  t h e  dimensibns of t h e  groove f o r  
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Gas manifold 

F I G U R E  9. T Y P I C A L  BACKUP BAR W I T H  GAS BACKING 
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v a r i o u s  t h i cknesses  of  E" 15-7 Mo s h e e t ' s 0  t h a t  uniform weld j o i n t  wid ths  are 

ensured (Ref. 28). These dimensions are given i n  Table  XIV. 

Cooling of t h e  weld j o i n t  a l s o  i s  a f f e c t e d  by t h e  spac ing  o f  t h e  hold-down 

bars .  Typica l  spac ing  as used by Ling-Temco-Vought f o r  va r ious  t h i cknesses  o f  

3?H 15-7 Mo s h e e t  a l s o  i s  given i n  Table  XIV. The copper hold-down b a r s  were con- 

t inuous  f o r  material t h i n n e r  than  0.060 inch .  When segment b a r s  were used on 

t h i c k e r  material, t h e  spac ing  between segments w a s  kept  l e s s  than  0.010 inch.  The 

hold-down b a r s  should have some f l e x i b i l i t y  so t h a t  good metal- to-metal  con tac t  

between t h e  b a r  and t h e  workpiece i s  ensured.  

The dimensions of  backup groove a n d . t h e  clamp spac ing  given i n  t h i s  t a b l e  

were developed f o r  a s p e c i f i c  a p p l i c a t i o n  (XB-70 s k i n  pane ls )  and a r e  not  n e c e s s a r i l y  

t h e  b e s t  f o r  a l l  welding ope ra t ions .  The p o i n t  t h a t  i s  be ing  made i s  t h a t  f o r  

c r i t i c a l  u s e  where uniform weld j o i n t  dimensions and q u a l i t y  are r equ i r ed ,  t h e s e  

j i g g i n g  parameters  must be c l o s e l y  c o n t r o l l e d  so  t h a t  uniform coo l ing  i s  obtained.  

A s  a c o r o l l a r y ,  c l o s e  c o n t r o l  of  t h e  welding parameters a l s o  i s  r equ i r ed ,  o the r-  

wise precise j i g g i n g  i s  meaningless .  

For b e s t  r e s u l t s ,  t h e  arc should be s t a r t e d  on a t a b  of  t he  same m a t e r i a l  as 

t h e  base meta l .  The u6e o f  t h e  s t a r t i n g  t a b  permi ts  t h e  es tab l i shment  of  a s t eady  

arc  be fo re  welding of  t h e  j o i n t  i s  begun. It a l s o  a l lows  t i m e  t o  a d j u s t  welding 

cond i t i ons  and t o  observe any i r r e g u l a r i t i e s  i n  arc behavior .  The arc should be 

i n i t i a t e d  by high- frequency s t a r t i n g  r a t h e r  t han  by touching t h e  e l e c t r o d e  t o  t h e  

s t a r t i n g  t a b .  Touching t h e  e l e c t r o d e  t o  i n i t i a t e  t h e  arc can cause contaminat ion 

of t he  e l e c t r o d e  which i n  t u r n  may r e s u l t  i n  an e r r a t i c  arc. It i s  b e s t  t o  u se  a 

runoff  t a b  a t  t h e  end of  t h e  weld so t h a t  t h e  weld can be ended o u t s i d e  of  t he  weld 

j o i n t .  This avoids  t h e  formation of  a crater w i t h i n  the  weld j o i n t .  I f  it i s  

impossible  t o  u s e  a runoff  t a b  and t h e  weld must be ended w i t h i n  t h e  j o i n t ,  t hen  

techniques  should be used t o  f i l l  i n  t he  crater  be fo re  t h e  a r c  i s  broken o f f .  The 

presence of  a crater  i n  t h e  weld j o i n t  can l ead  t o  t h e  formation of  c r acks  i n  t he  

weld metal. 
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TABLE XIV.  D D E N S I O N S  FOR TOOLING FOR GTA WELDING 
PH15-7Mo S H E E T  (Ref. 28) 

Sheet  
t h i c k n e s s ,  

i nch  

Backup 
groove width,  

i nch  

Backup Hold- down 
groove depth ,  clamp spac ing ,  

inch  inch  

0.025-1-0.005 I O.Ol5_+0.005 3 / 3 22 1 / 3 2 0.002-0.010 - 
0.045+0.005 0.03020.005 3 / 1 621 / 3 2 0 * 0 L L-  0 * 020 

0.02 1- 0.040 0 090+0.005 - 0.030_+0.005 3/1621/32 

- 

0.04 1-0.060 

0.061-0.090 

0.091-0.L90 

0.191-0.250 

0.25 1-0.500 

0. L87+O.OLO 

0.250+0.015 - 

0.3 12+0.015 - 

0.375+0.032 - 

0.437i0.032 

- 0.040+0.0 - 10 114 21/32 

0.040_+0.0 10 5/ 16?1/ L 6 

0.060+0.010 112 - +1/16 

0.060fO. 010 5/a 23/32 

0.060f0.010 7 / a  23/32 
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Precau t ions .  During t h e  course  of  making t h e  weld, several d i f f i -  

c u l t i e s  may be encountered.  The more common of t h e s e  i nc lude  arc wander, tungs ten  

pickup, d i s r u p t i o n  o f  t he  gas s h i e l d i n g ,  and l ack  of  pene t r a t i on .  

A r c  wander i s  t h e  name given when t h e  arc moves from one s i d e  of  t h e  j o i n t  t o  

t he  o t h e r  i n s t e a d  of p l ay ing  on i t s  c e n t e r l i n e .  A r c  wander i n  GTA welding of  

p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l  can be caused by a contaminated e l e c t r o d e ,  

a b l u n t  e l e c t r o d e ,  a magnetic f i e l d ,  o r  a i r  d r a f t s .  A r c  wander due t o  a contamin- 

a t e d  o r  b l u n t  e l e c t r o d e  u s u a l l y  is  a r ap id  movement of t h e  a r c  from one s i d e  o f  

t h e  j o i n t  t o  t h e  o t h e r .  I f  t h e  arc  moves back and f o r t h  s lowly o r  s t a y s  on one 

s i d e  of t h e  j o i n t ,  magnetic f i e l d s  o r  a i r  d r a f t s  are probably t h e  cause. A r c  

movement caused by a magnetic f i e l d  u s u a l l y  can be so lved ,  o r  a t  least  minimized, 

by changing t h e  p o s i t i o n  of t h e  ground cab le  at tachment .  Sometimes s t e e l  j a w s  of  

hold-down c lamps  become magnetized and a l s o  can d i s r u p t  t h e  a r c .  

B i t s  of  tungs ten  can be picked up  i n  t h e  weld m e t a l  i f  t he  arc  i s  s t r u c k  on 

t h e  workpiece o r  i f  t h e  welding c u r r e n t  i s  too  high. S t a r t i n g  t h e  a r c  by touching 

t h e  e l e c t r o d e  t o  t h e  workpiece can cause t h e  t i p  of  t h e  e l e c t r o d e  t o  weld i t s e l f  

t o  t he  work j u s t  as the  two touch. A s  t h e  e l e c t r o d e  i s  withdrawn t o  s t a r t  t h e  . 

a r c ,  a b i t  of  e l e c t r o d e  w i l l  break o f f  and remain i n  t h e  j o i n t .  This  can be p re-  

vented by us ing  the  high- frequency s t a r t i n g  o r  by s t a r t i n g  t h e  arc on a s t a r t i n g  

t a b .  

I f  t h e  i n e r t  gas s h i e l d  i s  not  performing p rope r ly ,  a i r  w i l l  come i n  con tac t  

w i th  t h e  molten weld m e t a l  and h o t  base  p l a t e  and cause contamination. The gas 

s h i e l d  can break down f o r  several reasons:  (1) t h e  f low of s h i e l d i n g  gas i s  t o o  

low and t h e  weld m e t a l  i s  n o t  completely p r o t e c t e d ,  (2) t h e  flow of s h i e l d i n g  gas 

i s  too h igh  and turbulence  i s  c r e a t e d  which sucks a i r  i n t o  the  s h i e l d i n g  gas ,  

(3)  d r a f t s  can  blow t h e  s h i e l d i n g  gas away, ( 4 )  t h e  gas- supply hose f i t t i n g s  o r  

gas passages i n  t h e  t o r c h  are blocked o r  loose .  
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A weld j o i n t  t h a t  shows l a c k  of  p e n e t r a t i o n  i s  n o t  g e t t i n g  enough welding 

hea t .  This  u s u a l l y  means t h a t  t h e  c u r r e n t  i s  too  l o w  o r  t h e  travel speed is  t o o  

high. I n  GTA welding t h i s  can a l s o  mean t h a t  t h e  d iameter  of  t h e  f i l l e r  w i r e  i s  

too  b i g  o r  t h a t  t h e  f i l l e r  w i r e  i s  be ing  dipped i n t o  t h e  weld puddle t o o  f r equen t ly .  

Too much of t h e  welding h e a t  t hen  i s  be ing  taken  t o  m e l t  t h e  f i l l e r  w i r e .  To g e t  

p roper  p e n e t r a t i o n ,  t h e  welding c u r r e n t ,  travel speed,  f i l l e r  w i r e  s i z e ,  and 

f i l l e r  w i r e  f eed ing  rate must be c a r e f u l l y  balanced.  

App l i ca t ions .  GTA welding i s  t h e  most f r e q u e n t l y  used process  f o r  

welding t h e  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  steels.  This  i s  because t h i s  pro- 

cess produces h i g h- q u a l i t y  welds,  c l o s e ' c o n t r o l  o f  t h e  process  parameters  i s  

provided,  it i s  easy  t o  u s e ,  and welds can be made both  manually and au toma t i ca l ly .  

Some t y p i c a l  a p p l i c a t i o n s  fol low.  

GTA welding w a s  used i n  one s t e p  of  t h e  f a b r i c a t i o n  o f  honeycomb pane l s  f o r  

t h e  wing s u r f a c e s  of t h e  XB-70 (Refs. 32 and 33). The cover  s h e e t s  f o r  t h e s e  

pane ls  had s t i f f e n e r s  welded t o  t h e  pane l s  a t  p e r i o d i c  i n t e r v a l s .  These s t i f f e n e r s  

were a t t a c h e d  by t h e  GTA p roces s  u s i n g  a melt- through technique.  The pane l s  were 

made from PH 15-7 Mo. Cover s h e e t s  and s t i f f e n e r s  w e r e  0.042 t o  0.072 inch  th i ck .  

The s t i f f e n e r s  were about  1 inch  high. 

I n  t h e  melt- through technique ,  t h e  weld i s  made on t h e  top  s i d e  of t h e  s h e e t  

without  a j o i n t  o r  gap (Figure 10). S u f f i c i e n t  me l t i ng  t a k e s  place so t h a t  t h e  

edge of  t h e  v e r t i c a l  s t i f f e n e r  i s  fused i n t o  t h e  j o i n t .  Optimum weld shapes were 

obta ined  us ing  r e l a t i v e l y  high welding c u r r e n t s  and welding speeds s l i g h t l y  on 

t h e  low s i d e .  PH 15-7 Mo f i l l e r  w i r e  0.030 inch d iameter  w a s  added. Tool ing 

inc luded  i n e r t - g a s  backup. The gas backup n o t  on ly  p r o t e c t e d  t h e  unders ide  of  t h e  

weld j o i n t  from t h e  a i r ,  b u t  a l s o  a c t e d  as a suppor t  f o r  t h e  molten weld metal. 

J i g g i n g  f o r  t h e s e  p a r t s  w a s  s p e c i a l l y  designed a l though it followed conven- 

t i o n a l  concepts .  Hold-down f i n g e r s ,  a c t u a t e d  by f i r e  hose,  clamped t h e  cover  

s h e e t  t o  t h e  copper backup b a r  (F igure  11). F i r e  hose i s  no t  shown i n  t h e  f i g u r e .  
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Befor'e 
welding 

After 
welding 

FIGURE 10. MELT*THROUGH WELDING 

J i g s  are necessary to  obtain the joint 
configuration shown. A typical  f ixture 
with the needed backup bars' i s  shown in 
Figure 11. 
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Copper-t ipped hold-down fingers 
Panel sheet 
Copper backup bars. ('"I is fixed, "M" is movable to 

Spacer to support vertical stiffener 
Inlets for inert backup gas 
Rubber spacer 
Structural support 
Arm to move copper backup bar 
Molder 

clamp vertical stiffener) 

FIGURE 11. FIXTURE USED TO HOLD PARTS FOR 
GTA MELT-THROUGH WELDING OF 
STIFFENED PANELS OF PH 15-7 MO 
( R e f .  32) 
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The copper backup w a s  s p l i t  t o  ho ld  t h e  v e r t i c a l  s t i f f e n e r .  Gas passages  were 

machined i n t o  t h e  copper backup t o  provide  f o r  t h e  i n e r t - g a s  backing. A f t e r  t h e  

parts were clamped i n  t h e  f i x t u r e ,  t he  automatic  GTA welder  t r a v e r s e d  t h e  j o i n t ,  

r i d i n g  on a h o r i z o n t a l  r a i l  a l s o  mounted ad j acen t  t o  t h e  f i x t u r e  (F igures  1 2  and 1 3 ) .  

Accura te  t r a c k i n g  depended on precise l o c a t i o n  of  t h e  welding head r a i l  and t h e  

p o s i t i o n e r .  

Ling-Temco-Vought developed cond i t i ons  f o r  au toma t i ca l ly  welding PH 15-7 Mo 

s h e e t  and p l a t e  ou t- o f- pos i t i on  (Ref .  3 4 ) .  

t h a t  t h e  p a r t s  be ing  welded ( a i r c r a f t  and m i s s i l e  frames) had inc reased  i n  s i z e  

t o  t h e  p o i n t  where they could no longer  be pos i t i oned  f o r  f l a t - p o s i t i o n  welding. 

This  work w a s  prompted by t h e  f a c t  

PH 15-7 Mo p l a t e  0.56 inch  t h i c k  w a s  welded i n  t h e  h o r i z o n t a l  and overhead 

p o s i t i o n s .  Conventional automatic-welding procedures  were used. The weld j o i n t  

w a s  a s i n g l e  vee. A j o i n t  inc luded  ang le  of 20 t o  25 degrees  w a s  recommended. 

A l l  welding w a s  done from one s i d e .  However, " s t r a igh ten ing"  passes  were used on 

t h e  back s i d e  of t h e  j o i n t .  A f t e r  each welding pass,  t h e  j o i n t  w a s  allowed t o  

cool, t o  room temperature .  Then, a s i m p l e  m e l t  pa s s  wi th  no f i l l e r  w i r e  w a s  made 

on t h e  j o i n t  back s i d e .  The shr inkage  of  t h e  melt  pass counterbalanced t h e  

shr inkage  of t he  weld p a s s  and ,  t h u s ,  o v e r a l l  d i s t o r t i o n  of t h e  j o i n t  was appre-  

c i a b l y  reduced. 

PH 15-7 Mo shee t  w i th  t h i cknesses  i n  t h e  range o f  0.031 t o  0.125 inch  were 

welded i n  t h e  h o r i z o n t a l ,  v e r t i c a l - u p ,  and overhead p o s i t i o n s .  I n  t h e  h o r i z o n t a l  

p o s i t i o n ,  b e s t  r e s u l t s  were obta ined  when t h e  flow of  s h i e l d i n g  gas through the  

gas backup b a r  w a s  kept  l o w  (5 c f h ) .  This  allowed a s l i g h t  oxide f i lm  t o  form on 

t h e  back s u r f a c e  of t he  weld bead. Thi.s oxide f i l m  inc reased  t h e  s u r f a c e  t e n s i o n  

and r e t a r d e d  sagging of  t h e  molten weld metal. For  overhead welding,  r e l a t i v e l y  

slow welding speeds pe rmi t t ed  c a p i l l a r y  a c t i o n  t o  draw t h e  molten weld meta l  up- 

ward i n  t h e  weld j o i n t .  This  produced a good contour  on t h e  back s i d e  of  t h e  weld. 
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A combination o f  c l o s e  c o n t r o l  o f  welding parameters and t i g h t  f i t t i n g  c h i l l  b a r s  

were r equ i r ed  t o  produce good welds i n  t h e  v e r t i c a l - u p  pos i t i on .  V a r i a t i o n s  i n  

parameters beyond r a t h e r  c l o s e  l i m i t s  produced sagging  o f  t h e  weld bead and weld- 

metal  p o r o s i t y .  

Lockheed Missile and Space Company has  been us ing  0.040- inch- thick AM 350 

s h e e t  t o  f a b r i c a t e  t o r o i d a l  tanks  f o r  t h r u s t  v e c t o r  c o n t r o l  of  t h e  P o l a r i s  A3 

( R e f s .  35, 36, and 37). 

s a t i s f a c t o r y  performance, t h e  e f f e c t s  of  v a r i a t i o n s  i n  welding procedures on the  

To produce tanks  t h a t  had optimum p r o p e r t i e s  t o  ensure  

f r a c t u r e  toughness of t h e  weld j o i n t s  were determined. The r e s u l t s  of  Lockheed's 

work suggested t h a t ,  where good Erac ture  toughness o f  t he  weld j o i n t  i s  impor tan t ,  

AM 350 f i l l e r  wire should be used i n  p re fe rence  t o  AM 355 f i l l e r  w i r e .  R e p a i r  

welding should be done a f t e r  t h e  weldment i s  f u l l y  h e a t  t r e a t e d  and the  repair 

welds should be l e f t  i n  t h e  as-welded condi t ion .  Heat t r e a t i n g  a f t e r  repair weld- 

ing  r e s u l t s  i n  very  e r r a t i c  f rac ture- toughness  p r o p e r t i e s  i n  t h e  repair  weld. 

Gas Metal-Arc Welding. The gas metal-arc welding process  has  been used 

f o r  welding p rec ip i t a t i on- ha rden ing  s t a i n l e s s  steels t h i c k e r  t han  about  114 inch.  

GMA welding produces h igh- qua l i t y  welds a t  h ighe r  welding speeds than  does GTA 

welding. However, the  h i g h e r  hea t  i npu t  o f  GMA welding l i m i t s  i t s  use t o  t h e  

r e l a t i v e l y  t h i c k  p a r t s .  S ince  most p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s  a r e  

used i n  the  form of t h i n  s h e e t  m a t e r i a l ,  t h e  use of  W welding i s  r a t h e r  l i m i t e d .  

The use  of GMA welding i s  l i m i t e d  t o  t h e  Elat o r  h o r i z o n t a l  p o s i t i o n .  

The metal t h a t  i s  melted o f f  t h e  end of t h e  e l e c t r o d e  f i l l e r  wi re  t r a n s f e r s  

ac ros s  t h e  welding arc t o  t h e  weld puddle as a sp ray  o f  very  f i n e  metal d r o p l e t s  

(F igure  14a).  These d r o p l e t s  a r e  t oo  f i n e  t o  be seen i n d i v i d u a l l y .  The d r o p l e t s  

a r e  i n t e r s p e r s e d  i n  the  arc i t s e l f  and t h e  combined arc-metal spray  has  t h e  shape 

of an i n v e r t e d  cone. The end of  t he  e l e c t r o d e  t akes  on a poin ted  shape as it mel t s .  

Two e l e c t r i c a l  requirements  must be met if spray  t r a n s f e r  is  t o  be achieved: 

(1) r e v e r s e- p o l a r i t y  d i r e c t - c u r r e n t  mus t  be used,  and (2)  t h e  welding c u r r e n t  must 

59 



r N  ozz I e 
Moll 'en weld metal, w/ Filler wire 

Solidif ied 
weld metal 

Arc plus spray of 
metal droplets 

a. Spray Transfer 

fine 

Large drops of molten metal 

b. Globular Transfer 

FIGURE 14. GAS-SHIELDED METAL-ARC WELDING WITH SPRAY AND GLOBULAR TRANSFER 
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be above a c e r t a i n  c r i t i c a l  level. Globular  r a t h e r  t h a n  spray  t r a n s f e r  w i l l  occur  

i f  e i t h e r  of  t h e s e  requirements  i s  neg lec t ed  (F igure  14b).  

l a r g e  b a l l s  of  molten metal w i l l  b u i l d  up on t h e  end o f  t h e  e l e c t r o d e  and drop 

i n t o  t h e  weld puddle. When t h i s  occu r s ,  t h e  arc i s  hard  t o  c o n t r o l ,  p e n e t r a t i o n  

I n  g lobu la r  t r a n s f e r ,  

and bead shape a r e  poor ,  and t h e r e  i s  a l o t  of  spat ter .  The c r i t i c a l  l e v e l  of 

welding c u r r e n t  depends on t h e  s i z e  of  e l e c t r o d e  f i l l e r  w i r e  t h a t  i s  be ing  used. 
1 I l  

Higher c u r r e n t s  must be  used f o r  l a r g e r  wi re  t o  o b t a i n  sp ray  t r a n s f e r .  

A v a r i a t i o n  o f  gas- shie lded  meta l- arc  welding i s  c a l l e d  s h o r t - c i r c u i t i n g  GMA 

welding. I n  t h i s  process  t h e  end o f  t he  e l e c t r o d e  w i r e  r a p i d l y  and r epea t ed ly  

touches t h e  molten weld puddle. Each time t h i s  occu r s ,  t h e  molten end of t h e  

e l e c t r o d e  wi re  t r a n s f e r s  t o  t h e  molten weld puddle. 

c i r c u i t i n g  GMA welding w a s  i n v e s t i g a t e d  b r i e f l y  as a method f o r  welding 16-gage 

PH 15-7 Mo s h e e t  (Ref .  38). Although r e s u l t s  were s a t i s f a c t o r y ,  t h i s  p rocess  has  

n o t  been used f o r  product ion  welding of p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s ,  

as f a r  as i s  known. 

Seve ra l  y e a r s  ago,  sho r t-  

Equipment. The equipment needed f o r  gas  meta l- arc  welding inc ludes  

a power supply ,  a welding gun, a mechanism f o r  feed ing  t h e  f i l l e r  w i r e ,  a set  of 

c o n t r o l s ,  and a s h i e l d i n g  gas.  

Two types  of power sou rces  a r e  used f o r  s p r a y- t r a n s f e r  GMA welding. These 

are the  cons t an t- cu r ren t  drooping- voltage type and the  cons tan t- vol tage  type ,  w i th  

t h e  cons tan t- vol tage  type  f i n d i n g  t h e  wides t  use .  Motor gene ra to r  o r  d-c r e c t i f i e r  

power sources  o f  e i t h e r  type  may be used. 

Both manual ( u s u a l l y  c a l l e d  semiautomatic) and automatic  welding guns are 

Both manual and au tomat ic  guns have a nozz le  f o r  d i r e c t i n g  the  s h i e l d i n g  a v a i l a b l e .  

gas around t h e  arc and over  t h e  weld puddle.  

t a c t  tube ,  l o c a t e d  i n  t h e  nozz l e ,  where it p icks  up t h e  welding c u r r e n t .  

The wire  passes  through a copper con- 

Manual guns d i f f e r  i n  des ign  i n  t h e  manner i n  which t h e  e l e c t r o d e  w i r e  i s  fed.  

Some manual welding guns c o n t a i n  t h e  wi re- dr iv ing  mechanism i n  the  gun proper .  
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These are c a l l e d  "pul l"  guns because they  p u l l  t h e  w i r e  i n t o  t h e  gun. 

r o l l s  may be powered by an e lec t r ic  motor conta ined  i n  t h e  gun o r  by a f l e x i b l e  

s h a f t  l e ad ing  from a motor mounted i n  t h e  c o n t r o l  u n i t .  Some of t h e  guns t h a t  

The d r i v e  

con ta in  t h e  wi re- dr ive  motor a l s o  hold  a s m a l l  spool  of  f i l l e r  w i r e .  While t h e s e  

guns are b u l k i e r  t han  t h e  o t h e r  t ypes ,  t h e  number o f  connect ions t o  t h e  c o n t r o l  

u n i t  are minimized. The wire- dr ive  mechanism a l s o  may be mounted on t h e  c o n t r o l  

u n i t  w i th  t h e  w i r e  be ing  d r i v e n  through a f l e x i b l e  condui t  t o  t h e  welding gun. 

This  is  c a l l e d  a "push" type  of  w i r e  d r i v e .  The gun i s  less bulky than  t h e  p u l l  

type.  

mechanism. Thus, t h e  wi re- dr ive  mechanism must be p laced  r e l a t i v e l y  c l o s e  t o  t h e  

Small-diameter w i r e  may buckle  when fed  long d i s t a n c e s  by a push- type 

welding s t a t i o n .  The normal maximum d i s t a n c e  t h a t  f i l l e r  w i r e  i s  fed i s  about  

1 2  f e e t .  

mechanism and a remote "push" mechanism f o r  feed ing  t h e  f i l l e r  w i r e  ( c a l l e d  a 

"push-pull" wi re  feed) .  

One type of manual welding gun combines bo th  a gun- located "pul l"  

This  equipment w a s  e s p e c i a l l y  designed f o r  welding wi th  

ve ry  f i n e  w i r e s .  

Automatic GMA welding guns are mounted d i r e c t l y  t o  t h e  wi re- dr ive  mechanism. 

The combined u n i t  may be i n  a f i x e d  l o c a t i o n  wi th  p r o v i s i o n  f o r  moving t h e  work- 

piece underneath the  nozz le  o r  t h e  m r k  may be f i x e d  and t h e  gun-drive mechanism 

can be mounted on a movable head. The automatic  gun c o n t a i n s  t h e  c u r r e n t  pickup 

tube ,  a water- cooled j a c k e t ,  and a nozz le  f o r  d i r e c t i n g  t h e  flow of s h i e l d i n g  gas.  

The au tomat ic  gun i s  b u i l t  more ruggedly than  t h e  manual gun and i s  designed t o  

ope ra t e  a t  h ighe r  c u r r e n t s .  

For GMA welding of  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  steels,  argon,  argon 

wi th  a s m a l l  a d d i t i o n  of  oxygen, o r  argon-helium mixtures  may be  used. 

i s  not  used s i n c e  spray  t r a n s f e r  i s  d i f f i c u l t  t o  o b t a i n ,  high gas flow rates are 

r equ i r ed ,  and t h e  gas s h i e l d  i s  easier t o  d i s r u p t  t h a n  wi th  t h e  heav ie r  argon. 

Pure helium 

When pure argon i s  used,  t h e  weld metal does n o t  w e t  t he  base me ta l  uniformly 

T h i s  can r e s u l t  i n  a non-uniform weld bead t h a t  may and the  arc t ends  t o  wander. 

have unde rcu t t i ng  a t  t h e  edges of  t h e  bead. By in t roduc ing  a s m a l l  amount o f  
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oxygen i n t o  t h e  argon s h i e l d i n g  gas ,  t h e  weld d e p o s i t  becomes very  uniform and 

unde rcu t t i ng  i s  e l imina t ed .  

welding p rec ip i t a t i on- ha rden ing  s t a i n l e s s  steels t h a t  do n o t  c o n t a i n  aluminum. 

The presence  of  oxygen i n  t h e  s h i e l d i n g  gas w i l l  ox id i ze  aluminum i n  t h e  f i l l e r  

w i r e  r e s u l t i n g  i n  poor recovery  of  t h e  aluminum i n  t h e  weld metal. Such weld 

metals would have poor hea t- t rea tment  response.  

Normally, argon wi th  1-2 percent oxygen is  used f o r  

Argon-helium mixtures  are used where a h o t t e r  arc and inc reased  p e n e t r a t i o n  

are d e s i r e d .  A s  t h e  percentage  o f  helium i s  inc reased ,  t h e  amount of  p e n e t r a t i o n  

a l s o  i n c r e a s e s .  Mixtures  w i th  as much as 75 pe rcen t  helium have been used 

(Ref. 7) .  

amount of helium added depends on t h e  a p p l i c a t i o n  and the  u s e r s  preference .  

Spray t r a n s f e r  can be  obta ined  as long as the  percentage  of  helium i s  kept  below 

about 80 pe rcen t .  

There i s  no hard  and f a s t ' r u l e  governing argon-helium mixtures- - the 

Various s i z e s  and shapes of  gas nozz les  are  used wi th  GMA welding equipment. 

Each o f  t h e s e  nozz l e s  has  a range of  s h i e l d i n g  gas flow rates t o  achieve optimum 

s h i e l d i n g .  For t h i s  reason ,  no recommendation can be made f o r  s h i e l d i n g  gas flow 

r a t e s  f o r  t h e  @lA welding of p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s t e e l s .  I n s t e a d ,  

t he  o p e r a t o r  should r e f e r  t o  t h e  i n s t r u c t i o n  book f o r  t h e  equipment t h a t  i s  being 

used. 

F i l l e r  w i r e s  are a v a i l a b l e  i n  17-4 PH, 17-7 PH, PH 15-7 Mo, AM 350, and AM 355 

compositions.  A s  a genera l  r u l e ,  t h e  composition of  t h e  f i l l e r  w i r e  should be t h e  

same as t h a t  o f  t he  base metal. It has been r epo r t ed  t h a t  w i th  PH 15-7 Mo f i l l e r  

w i r e ,  weld-metal flow i s  poor and i n s t a b i l i t y  of  t h e  a r c  occurs  (Ref. 7 ) .  I f  t h i s  

problem i s  encountered,  AIS1 308 s t a i n l e s s  s t e e l  f i l l e r  w i r e  can be used f o r  

welding PH 15-7 Mo steel.  A s  would be expected,  though, t h e  weld metal w i l l  no t  

respond t o  hea t  t rea tment  and t h e  mechanical p r o p e r t i e s  of t h e  weld metal w i l l  be  

lower t han  those  of  t h e  base metal. 
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The s i z e  (diameter)  of  t h e  f i l l e r  wire  used f o r  GMA welding depends on t h e  

s i z e  of t h e  weld bead and t h e  p e n e t r a t i o n  t h a t  i s  d e s i r e d .  A s  t h e  s i z e  o f  t h e  

f i l l e r  w i r e  i n c r e a s e s ,  t h e  weld bead t h a t  i s  depos i t ed  w i l l  become t h i c k e r .  A l s o ,  

a h ighe r  welding c u r r e n t  w i l l  be r equ i r ed  t o  achieve sp ray- t rans fe r .  The i n c r e a s e  

i n  welding c u r r e n t  w i l l  i n c r e a s e  p e n e t r a t i o n .  The l e v e l  of welding c u r r e n t  re- 

qu i r ed  t o  ach ieve  spray  t r a n s f e r  i s  shown i n  Table X V .  

The common s i z e s  of  f i l l e r  wire  used f o r  @TA welding a r e  3/32", 1/16"> 0.045-, 

and 0.035- inch diameter .  The recommended s i z e s  of f i l l e r  w i r e  f o r  va r ious  base- 

metal t h i cknesses  a r e  shown i n  Table XVI. Although t h i s  t a b l e  i nc ludes  base-metal 

t h i cknesses  down t o  118 inch ,  GMA welding u s u a l l y  i s  r e s t r i c t e d  t o  m a t e r i a l  wi th  

a 1/4- inch minimum th i ckness .  The most common f i l l e r  wire  s i z e s ,  t h e r e f o r e ,  a r e  

1116- and 3132-inch diameter .  

J o i n t  Design. J o i n t  des igns  used f o r  gas-metal- arc weldi i1g a r e  s i m i l a r  

t o  those used f o r  s h i e l d e d  meta l- arc  welding. The j o i n t s  a r e  modif ied s l i g h t l y ,  

however, t o  take  advantage of  t h e  g r e a t e r  p e n e t r a t i o n  ob ta inab le  w i th  t h i s  process .  

These mod i f i ca t ions  a re :  narrower r o o t  openings,  narrower groove ang le ,  and t h i c k e r  

r o o t  f aces .  The use  of t h e  narrower groove angle  has  t h e  added advantage o f  re-  

q u i r i n g  l e s s  f i l l e r  meta l  t o  f i l l  up t h e  groove. For  example, when a 45-degree 

groove angle  i n  314-inch-thick p l a t e  i s  used i n s t e a d  of  a 60-degree groove ang le ,  

30 percent  l e s s  weld m e t a l  i s  r equ i r ed .  Typica l  j o i n t  des igns  a r e  i l l u s t r a t e d  i n  

F igure  15. 

Welding Procedures .  Weld j o i n t  p e n e t r a t i o n ,  weld-bead re inforcement ,  

and bead shape can be a l t e r e d  by a d j u s t i n g  c e r t a i n  welding cond i t i ons .  Penetra-  

t i o n  and bead width both  i n c r e a s e  as t h e  welding c u r r e n t  i n c r e a s e s .  A s h o r t  a r c  

w i l l  "d ig  in" and i n c r e a s e  p e n e t r a t i o n .  I f  l e s s  p e n e t r a t i o n  i s  d e s i r e d ,  a longer  

arc should be used. A h ighe r  welding c u r r e n t  a l s o  w i l l  produce a heav ie r  weld 

d e p o s i t .  The amount of  e l e c t r o d e  " s t ick- out"  w i l l  a f f e c t  t h e  rate of me l t i ng  of 
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TABLE XV. WELDING CURRENT REQUIRED TO ACHIEVE 
SPRAY TRANSFER (Ref. 26) 

E lec t rode  w i r e  Minimum c u r r e n t  r e q u i r e d  t o  
diameter  , inch ach ieve  spray  t rans fe r , amps  

0.030 150 

0.035 170 

0.062 275 

(Addi t iona l  d a t a  f o r  o t h e r  wire  s i z e s  being obta ined)  
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TABLE XVI. ELECTRODE WIRE SIZE FOR GMA WELDING 
VARIOUS THICKNESSES OF PRECIPITATION- 
HARDENING STAINLESS STEEL 

! 
Bas e - m e t  a1 
Thickness,  i i n c h  i n c h  

E l e c t r o d e  
Wire Diameter, 1 

I 
I 

: 318 

112 and 
t h i c k e r  

0.035 - 0.045 
, 
! 

0.045 - 1/16  4 

1 
I 

1/16 - 3/32 

3/32 

I 
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IU 
4 + I /  I 6" ma x 1/16" max 

For 1/2" thick base material 

For 318" - 3/4" thick base metal 

1/16" - 1/8" I / 16" ma x 

For base metal thicker than 1/2" 

1/16"- 1/8" 1/16" max 

4 tioo 

+ I / I 6" m ax 

k-45-r 

For base metal thicker than 314" 

FIGURE 15. TYPICAL JOINT DESIGNS FOR GAS-SHIELDED METAL-ARC WELDING 
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For 1/4" thick base material welded 2-l from both sides 

For V4"- 3/4" thick base material 

max \ 

For 314" and thicker base material 

FIGURE 15. (Continued) 
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t h e  w i r e .  (S t ick- out  i s  t h e  d i s t a n c e  from t h e  end o f  t h e  c o n t a c t  tube t o  t h e  end 

of  t h e  e l e c t r o d e  w i r e . )  The g r e a t e r  t h e  s t i c k- o u t ,  t h e  h ighe r  w i l l  be t h e  me l t i ng  

rate. By changing t h e  amount o f  s t i c k- o u t ,  t h e  amount of  f i l l e r  w i r e  t h a t  i s  

melted and t h e  s i z e  of  t h e  weld bead can be a l t e r e d  wi thout  changing t h e  welding 

cu r r en t .  

Changing t h e  angle  of  t h e  welding gun w i l l  change t h e  shape of t h e  weld bead. 

T i l t i n g  t h e  gun i n  t h e  d i r e c t i o n  o f  welding (backhand technique)  dec reases  pene- 

t r a t i o n ,  i n c r e a s e s  bead wid th ,  and improves t h e  smoothness and contour  o f  t h e  bead 

su r f ace .  Cap passes on mul t i pas s  welds may be made wi th  t h e  backhand technique.  

With the  gun t i l t e d  back away from t h e  d i r e c t i o n  of welding (forehand technique) ,  

p e n e t r a t i o n ,  though g r e a t e r  t han  wi th  the  backhand technique; s t i l l  i s  n o t  as 

much as when the ' gun  i s  pe rpend icu la r  t o  t h e  bead s u r f a c e .  

mal ly are made wi th  t h e  gun pe rpend icu la r  o r  w i th  a s m a l l  amount o f  backhand tilt. 

Automatic welds nor- 

I n c r e a s i n g  t h e  welding speed w i l l  decrease  both  p e n e t r a t i o n  and bead width. 

I f  t he  speed becomes too  f a s t ,  undercut  w i l l  occur  a long  t h e  edges of t h e  bead and 

t h e r e  may be areas o f  l a c k  of  fu s ion .  Higher  t r a v e l  speeds can be used when t h e  

weld i s  be ing  depos i t ed  i n  narrow grooves i n  t h i n  material  than  when welding wide 

j o i n t s  i n  t h i c k  p la te .  

I n  manual GMA welding,  t h e  o p e r a t o r  ho lds  and manipulates  t h e  welding gun. 

The important  t h i n g  f o r  t h e  o p e r a t o r  t o  remember i s  t h a t  t h e  motion of  t h e  gun 

a long  t h e  j o i n t  must be uniform and t h e  p o s i t i o n  of  t h e  gun wi th  respect t o  t h e  

j o i n t  must be h e l d  cons t an t .  

I n  s h i e l d e d  metal-arc welding, p e n e t r a t i o n  i s  r e l a t i v e l y  sha l low and varia- 

t i o n s  i n  t h e  movement of t h e  e l e c t r o d e  a long  t h e  j o i n t  do not  a f f e c t  p e n e t r a t i o n  

very  much. I n  GMA welding,  p e n e t r a t i o n  i s  much g r e a t e r  and changes i n  travel 

speed can have a g r e a t e r  e f f e c t  on p e n e t r a t i o n .  This  can l ead  t o  burnthrough of  

t h e  j o i n t  o r  l a c k  of  p e n e t r a t i o n  i f  t h e  o p e r a t o r  moves t h e  t o r c h  e r r a t i c a l l y  a long  

t h e  j o i n t .  Motion must be as uniform as poss ib l e .  
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The d i s t a n c e  between t h e  end o f  t h e  t o r c h  and t h e  j o i n t  i s  very  important  

a l so .  I n  sh i e lded  metal-arc welding,  changing t h e  d i s t a n c e  between t h e  t o r c h  and 

j o i n t ,  changes t h e  arc l e n g t h  and arc vo l t age .  I n  GMA welding, t h e  equipment 

au toma t i ca l ly  ma in t a in s  a cons t an t  arc l e n g t h  through v a r i a t i o n s  i n  w i r e  feed  

speed o r  welding c u r r e n t .  

t h e  arc l eng th .  It w i l l  change t h e  amount of s t i c k- o u t ,  though. A s  t h e  s t i ck- ou t  

changes, t h e  me l t i ng  rate  o r  welding c u r r e n t  (depending on t h e  type  of  equipment) 

a l s o  w i l l  change. This  means t h a t  t h e  bead s i z e  o r  p e n e t r a t i o n  a l s o  w i l l  change. 

I f  t he  o p e r a t o r  cannot keep t h e  gun-to-work d i s t a n c e  c o n s t a n t ,  t h e  bead s i z e  o r  

p e n e t r a t i o n  w i l l  no t  be uniform. 

Thus, changing t h e  gun-to-work d i s t a n c e  w i l l  n o t  a l t e r  

Changes i n  t h e  ang le  between t h e  gun and j o i n t  w i l l  change t h e  bead shape 

and p e n e t r a t i o n .  

f o r  manual as i t  i s  f o r  au tomat ic  GMA welding. Most manual GMA welding i s  done 

us ing  t h e  backhand technique.  This  technique  a l lows  t h e  o p e r a t o r  t o  see t h e  weld 

c r a t e r  b e t t e r  and produce welds of more c o n s i s t e n t  q u a l i t y .  

The e f f e c t  of  u s i n g  forehand o r  backhand techniques  i s  t h e  same 

The same p recau t ions  should be e x e r c i s e d  i n  p r o t e c t i n g  t h e  unders ide  of  t h e  

weld j o i n t  i n  GMA welding as i n  GTA welding. Grooved copper backup s t r i p s  and 

i n e r t - g a s  backing may a l s o  be used wi th  GMA welding. 

maximum q u a l i t y  i s  ob ta ined  by g r ind ing  ou t  t h e  unders ide  of  t h e  r o o t  p a s s  and 

rewelding from t h a t  s i d e .  Root passes are s u b j e c t  t o  v a r i o u s  d e f e c t s  such as in-  

complete p e n e t r a t i o n  and l a c k  of  fu s ion .  By g r ind ing  ou t  t h e  r o o t  pass t o  sound 

m e t a l  and rewelding,  t h e s e  d e f e c t s  can be e l imina t ed  from t h e  f i n i s h e d  j o i n t .  

I n  making mul t i pas s  welds,  

Precaut ions .  The p recau t ions  t o  be observed i n  GMA welding of  

p rec ip i t a t i on- ha rden ing  s t a i n l e s s  s teels  are concerned wi th  bo th  t h e  equipment 

and t h e  welding procedure. 

Equipment 

t h e  e l e c t r o d e  w i r e  through 

t h a t  t h e  equipment must be 
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Precau t ions .  Success fu l  GMA welding depends on feeding  

t h e  gun a t  a precise and uniform speed. This  means 

kept  i n  good o p e r a t i n g  cond i t i on .  Most problems wi th  



GMA welding equipment may be  t r a c e d  t o  a wire- feeding  sys t em, tha t  has  n o t  been 

k e p t  c l e a n  and i n  good cond i t i on .  A w e l l  kep t  schedule o f  p reven t ive  maintenance 

. of  t h i s  system p lays  a major r o l e  i n  s u c c e s s f u l  CaZA welding. Important  p o i n t s  t o  

check i n  such a schedule  are: 

(1) Adjustment of  w i r e- s t r a i g h t e n i n g  r o l l s  ( i f  so  equipped).  Improper 

adjustment  can  cause t h e  w i r e  t o  bend as i t  exits  from t h e  c o n t a c t  tube 

and t h e  arc w i l l  n o t  be p rope r ly  pos i t i oned  i n  t h e  weld j o i n t .  

(2) Alignment of  t h e  w i r e  wi th  t h e  groove i n  t h e  feed r o l l s .  Misalignment 

w i l l  cause bending of  t h e  w i r e .  The w i r e  a l s o  may climb ou t  o f  t h e  

groove wi th  r e s u l t i n g  e r r a t i c  w i r e  feed ing .  

(3)  Feed r o l l  clamping p r e s s u r e .  I f  t h e  p r e s s u r e  i s  too  l i g h t ,  s l i ppage  

and e r r a t i c  feed ing  w i l l  r e s u l t .  I f  t h e  p r e s s u r e  i s  too  heavy, t h e  

wire  may be deformed t o  t h e  p o i n t  where i t  w i l l  no t  p a s s  f r e e l y  through 

t h e  c o n t a c t  tube.  

( 4 )  The wire- feed cab le  between t h e  w i r e  r e e l  and t h e  feed r o l l s  should be 

c l e a n  and f r e e  of k inks .  D i r t  i n  t h e  cab le  can be t r a n s f e r r e d  t o  the  

w i r e  and u l t i m a t e l y  t o  t h e  weld m e t a l .  A buildup of d i r t  i n  t h e  cab le  

and k inks  i n  t h e  c a b l e  can r e s t r i c t  f r e e  movement of t h e  w i r e  through 

the  cable .  A s  a r e s u l t ,  w i r e  feed may become e r r a t i c .  

(5)  The s i z e s  of  t h e  w i r e  feed c a b l e ,  feed r o l l s ,  and c o n t a c t  tube should 

match t h e  s i z e  of  t h e  e l e c t r o d e  w i r e  be ing  used. I f  any of t h e s e  p a r t s  

are o f  t h e  improper s i z e ,  t h e  w i r e  w i l l  no t  feed smoothly. I f  the  

c o n t a c t  tube i s  too  l a r g e ,  poor pickup o f  t h e  c u r r e n t  w i l l  occur .  The 

equipment manufacturers  sugges t ions  should be followed r ega rd ing  proper  

s i z e s  of  t h e s e  p a r t s .  

( 6 )  Dis tance  between w i r e  feed r o l l s  and c o n t a c t  tube  o r  w i r e  feed cable .  

This  d i s t a n c e  should be as s h o r t  as poss ib l e .  I n  t h i s  area, t h e  w i r e  

i s  unsupported and i f  t h i s  d i s t a n c e  i s  l a r g e ,  t h e  w i r e  may buckle.  

71 



(7) Winding of  t h e  e l e c t r o d e  wire  on t h e  spool  o r  c o i l .  I f  t h e  w i r e  becomes 

loose  on t h e  spool  o r  c o i l  as i t  f eeds ,  loops  of  w i r e  may become en- 

t ang led  s topping  feeding  o f  t h e  w i r e .  Most mounting s p i n d l e s  f o r  w i r e  

spoo l s  o r  c o i l s  are equipped wi th  f r i c t i o n  devices  t h a t  apply a s m a l l  

amount of  t e n s i o n  t o  t h e  w i r e  as i t  feeds.  T h i s  p reven t s  loosening  of  

t h e  w i r e .  Care should be taken  when mounting t h e  w i r e  spool  o r  c o i l  

t h a t  entanglement o f  t h e  w i r e  does no t  occur .  

The o p e r a t o r  should check t h e  gas passages and gas- shie ld ing  nozz le  pe r iod i-  

c a l l y  t o  be s u r e  t h a t  t h e  f low of s h i e l d i n g  gas i s  n o t  be ing  d i s r u p t e d .  S p a t t e r  

tends  t o  b u i l d  up on t h e  i n s i d e  o f  t h e  nozz le .  If t h i s  buildup becomes too  g r e a t ,  

p roper  s h i e l d i n g  cannot be obta ined .  Thus, t h e  i n s i d e  of t h e  nozz le  should be 

cleaned p e r i o d i c a l l y .  

Contact  t ubes  may be ano the r  source  o f  t r o u b l e .  Contact  tubes  are made from 

copper o r  copper a l l o y  and being s o f t e r  than  the  welding w i r e ,  t end  t o  wear from 

t h e  passage o f  t h e  w i re  through the  tube.  Th i s  e n l a r g e s  t h e  base o f  t he  tube ,  

which, i n  t u r n ,  can cause e r r a t i c  c u r r e n t  pickup. Contact  tubes  should be re- 

placed p e r i o d i c a l l y  t o  ma in t a in  good c u r r e n t  be fo re  wear becomes so  g r e a t  t h a t  

problems occur.  

Procedure Precaut ions .  The q u a l i t y  o f  t he  weld j o i n t  a l s o  depends 

on t h e  welding procedures  t h a t  are used. S l i g h t  v a r i a t i o n s  i n  procedure can have 

major e f f e c t s  on t h e  q u a l i t y  o f  GMA j o i n t s  i n  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  

steels. The most f r e q u e n t l y  encountered d e f e c t s  and t h e i r  causes a r e  d i scus sed  

i n  the  fo l lowing  paragraphs.  

Burnthrough and exces s ive  p e n e t r a t i o n  can be caused by p u t t i n g  too  much weld- 

i n g  h e a t  i n t o  the  j o i n t .  The welding c u r r e n t  should be decreased o r  t h e  t r a v e l  

speed increased .  P e n e t r a t i o n  w i l l  be decreased by t i l t i n g  t h e  gun toward t h e  

d i r e c t i o n  o f  welding (forehand technique) .  

exces s ive  r o o t  opening o r  too  s m a l l  a r o o t  face.  I f  t he  j o i n t  dimensions cannot 

This  d e f e c t  a l s o  may be caused by 
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be  changed, t h e  use  of a copper backup b a r  o r  a weaving technique  can he lp  t o  

prevent  burnthrough. 

Lack of  p e n e t r a t i o n  i s  caused by t h e  oppos i t e  c o n d i t i o n s  t o  those  t h a t  cause 

excessive p e n e t r a t i o n .  The welding c u r r e n t  may be too  low o r  t he  t r a v e l  speed 

t o o  high.  The gun may be a t  too  l a r g e  an  ang le  with t h e  weld j o i n t  ( e i t h e r  back- 

hand o r  forehand).  S t r a i g h t e n i n g  up t h e  gun angle  w i l l  i n c r e a s e  p e n e t r a t i o n .  

Increased  r o o t  opening may be needed. The p o s i t i o n  of  t h e  arc i n  t h e  weld puddle 

a l s o  w i l l  a f f e c t  p e n e t r a t i o n .  

t h e  g r e a t e r  w i l l  be the  amount of  p e n e t r a t i o n .  

The c l o s e r  t h e  arc i s  t o  t h e  f r o n t  o f  che puddle,  

Overlap occurs  when t h e  weld metal does n o t  fu se  t o  t h e  base metal a t  t h e  

edges of t h e  top s u r f a c e  of t h e  j o i n t .  Usual ly ,  it i s  caused by c a r r y i n g  a weld 

puddle t h a t  i s  too  l a r g e .  Reducing t h e  wire- feed speed o r  i n c r e a s i n g  t h e  t r a v e l  

speed w i l l  h e lp  t o  c o r r e c t  t h i s  problem. Another s o l u t i o n  i s  t o  u se  a s l i g h t  

weave s o  t h a t  t h e  a r c  w i l l  cover  a l l  areas of  t h e  weld j o i n t  where fu s ion  i s  

des i r ed .  Keeping the  a r c  a t  t h e  f r o n t  of  t h e  puddle w i l l  improve fus ion  and 

reduce over lap .  

An u n f i l l e d  groove a long  t h e  edge of  t h e  weld bead i s  c a l l e d  undercut .  

Decreasing t h e  t r a v e l  speed w i l l  h e lp  t o  f i l l  up t h e s e  grooves. The use  of an 

argon-oxygen sh ie ld ing- gas  mix ture  w i l l  reduce undercut .  However, oxygen should 

n o t  be used i n  the  s h i e l d i n g  gas f o r  welding p rec ip i t a t i on- ha rden ing  s t a i n l e s s  

s t e e l s  t h a t  c o n t a i n  aluminum. 

"Wagon t r acks"  may occur  i n  m u l t i p a s s  welding. It i s  t h e  name given t o  a 

l i n e  of vo ids  t h a t  a r e  t rapped  a t  t h e  edges of  t h e  under ly ing  bead when t h e  sub- 

sequent  bead i s  depos i ted .  This  d e f e c t  on ly  shows up on an  X-ray photograph of 

t he  j o i n t  when t h e  l i n e  o f  vo ids  has  t h e  appearance of  wagon t r a c k s  on a d i r t  road. 

Wagon t r a c k s  can occur  i f  t h e  lower weld bead i s  too  h igh  crowned. The use  of 

argon-oxygen s h i e l d i n g  gas w i l l  improve t h e  shape o f  t h e  weld bead su r f ace .  Bead 

shape a l s o  can be a l t e r e d  by a d j u s t i n g  t h e  arc  v o l t a g e  and t r a v e l  speed. Care 

should be used when d e p o s i t i n g  t h e  second pass t o  be s u r e  t h a t  t h e  arc m e l t s  t h e  

e n t i r e  s u r f a c e  of  t h e  under ly ing  bead. 
73 



Appl i ca t ions .  Procedures  have been developed f o r  GMA welding of  

PH 15-7 Mo a t  Ling-Temco-Vought (Ref .  28) f o r  p o s s i b l e  a p p l i c a t i o n  i n  h y d r o f o i l  

o r  ground-handling equipment f a b r i c a t i o n .  Sheet  0.160 and 0.210 inch  t h i c k  w a s  

welded u s i n g  a square- but t  j o i n t .  Suggested welding cond i t i ons  were: 

0.160- 0.210- 
inch- th i ck  s h e e t  inch- t h i c k  s h e e t  

Voltage v o l t s  3 4  34  

Current  amps 370 370 

Travel speed,  i p m  41 30 

Torch gas flow, c f h  60 (argon + 1 percen t  oxygen) 

Backup gas flow, c f h  25 (argon)  

PH 15-7 Mo f i l l e r  w i r e  1 /16 inch  d iameter  w a s  used. PH 13-7 Mo f i l l e r  w i r e  a l s o  

could be used and i n  c e r t a i n  cases, might prove b e t t e r  t han  PH 15-7 Mo because a 

b e t t e r  me ta l log raph ic  s t r u c t u r e  would r e s u l t .  

7 4  



Submerged-Arc Welding. 

those  of  t h e  base  metal can b e  produced o n l y  i n  AM-350 and AM-355. 

n o n h e a t- t r e a t a b l e  welds can  be made i n  t h e  aluminum-bearing a l l o y s .  The minimum 

th ickness  of s teel  t h a t  i s  welded wi thou t  providing some method of backing-up t h e  

weld is about  1 / 2  inch.  There is  no l i m i t  on t h e  maximum t h i c k n e s s .  P l a t e  several 

inches  t h i c k  i s  commonly welded by submerged ar.  

Submerged-arc welds w i t h  p r o p e r t i e s  comparable t o  

Low-strength 

Submerged-arc welding can be  used o n l y  i n  t h e  f l a t  o r  h o r i z o n t a l  p o s i t i o n s .  

Recent developments i n d i c a t e  t h a t  submerged-arc welding of v e r t i c a l  j o i n t s  i s  

f e a s i b l e .  However, no work has  been done on t h e  v e r t i c a l  submerged-arc welding of 

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  stee1,s. 

submerged-arc welding can cause  d i f f i c u l t i e s  when welding metal less than  about 

112 i n c h  t h i c k .  The j o i n t  must be backed up w i t h  a copper ba r  o r  a pad of f l u x  

t o  prevent  mel t ing  through t h e  j o i n t .  I t  i s  d i f f i c u l t  t o  t r a c k  t h e  j o i n t  when 

welding manually s i n c e  t h e  arc and e l e c t r o d e  end are bur ied  under t h e  f l u x  b l a n k e t .  

I n  mul t ipass  welding,  t h e  s l a g  from t h e  previous  pass  must be c a r e f u l l y  and com- 

p l e t e l y  removed t o  prevent  s l a g  i n c l u s i o n s  o r  entrapment i n  subsequent passes .  

The deep p e n e t r a t i o n  i n h e r e n t  w i t h  

Equipment. The c h o i c e  of power supply depends l a r g e l y  on t h e  work 

t o  be welded. D-C pe rmi t s  f a s t  arc s t a r t i n g ,  g i v e s  good c o n t r o l  over  t h e  weld 

bead shape,  and provides  qu ick  c u r r e n t  bu i ldup  a t  t h e  s t a r t  of t h e  weld which is  

advantageous when making s h o r t  welds.  B e s t  c o n t r o l  of t h e  bead shape and deepes t  

p e n e t r a t i o n  are ob ta ined  w i t h  d-c r e v e r s e  p o l a r i t y  ( e l e c t r o d e  p o s i t i v e ) ,  w h i l e  t h e  

h i g h e s t  welding speeds and sha l lowes t  p e n e t r a t i o n  are obtained w i t h  d-c s t r a i g h t  

p o l a r i t y  ( e l e c t r o d e  nega t ive ) .  The u s e  of  a-c c u r r e n t  provides  a degree  of pene t ra-  

t i o n  i n  between t h a t  of d-c s t r a i g h t  and d-c reverse p o l a r i t y .  A-C c u r r e n t  a lso 

c u t s  down on arc blow ( t h e  swerving of t h e  arc from i t s  normal p a t h  due t o  

magnetic f o r c e s )  which can become a s e v e r e  problem when very  high welding cur-  

r e n t s  are  used. 
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F i l l e r  wi res  and a f l u x  have been developed f o r  welding AM-350 and AM-355 

(Ref. 7 ,26) .  

GMA welding,  

The f i l l e r  w i r e s  are s t andard  AM-350 and AM-355 w i r e s  used f o r  

The f l u x  has  been s p e c i a l l y  formula ted ,  b u t  it is  a v a i l a b l e  

commercially. 

weld d e p o s i t s  that  match t h e  base  metal composit ion ve ry  c l o s e l y .  

s t a i n l e s s  steel f l u x e s  should no t  be used f o r  welding AM-350 o r  AM-355 because 

the composit ion of t h e  weld metal w i l l  be a l t e r e d  t o  t h e  p o i n t  where proper h e a t  

t r ea tmen t  response  cannot be ob ta ined .  

The use  of  t h i s  s p e c i a l  f l u x  and t h e  s t a n d a r d  w i r e s  produces 

Conventional  

Fluxes  f o r  welding t h e  aluminum-bearing p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

steels are no t  a v a i l a b l e .  However, submerged-arc welds can be made i n  t h e s e  

steels, provided h i g h- s t r e n g t h  weld j o i n t s  are not  r e q u i r e d  (Ref. 14). For  such 

a p p l i c a t i o n s ,  ER308, ER310, o r  ER316 a u s t e n i t i c  s t a i n l e s s  s t e e l  f i l l e r  w i r e  can 

be  used w i t h  t h e  a p p r o p r i a t e  s t a i n l e s s  s teel  f l u x .  

w i l l  not  be h e a t  t r e a t a b l e  and w i l l  not  have s t r a n g t h  as high as t h e  base  metal. 

Greater 

The r e s u l t i n g  weld d e p o s i t  

Typical  des igns  f o r  b u t t  and f i l l e t  j o i n t s  are shown i n  F i g u r e  16. 

p e n e t r a t i o n  i s  obta ined wi th  submerged a r c  welding than  o t h e r  arc-welding proc- 

esses. Care must be t aken  no t  t o  m e l t  through t h e  j o i n t  when d e p o s i t i n g  t h e  

r o o t  pass .  

and t h e  j o i n t  then  i s  f i l l e d  by submerged a r c  welding.  

Frequent ly ,  t h e  r o o t  pass  i s  depos i t ed  by shie lded-meta l- arc  welding 

Welding Procedures. Welding c o n d i t i o n s  f o r  welding AM-350 and AM-355 

must be ve ry  c a r e f u l l y  c o n t r o l l e d  (Ref. 7, 27). This  is  because s l i g h t  v a r i a t i o n s  

i n  arc v o l t a g e ,  c u r r e n t ,  o r  t r a v e l  speed can cause  changes i n  t h e  chemical compo- 

s i t i o n  of t h e  weld metal. When such v a r i a t i o n s  occur ,  t h e  amount of f l u x  being 

melted w i l l  change/ the  amount of a l l o y i n g  elements picked up from t h e  f l u x  by t h e  
and 

weld metal w i l l  be  a l t e r e d .  S ince  c o r r e c t  h e a t  t r ea tmen t  response  of t h e s e  steels 

depends on c l o s e  c o n t r o l  of t h e  weld metal composit ion,  c l o s e  c o n t r o l  of t h e  weld- 

i n g  cond i t ions  i s  r e q u i r e d .  However, t h e s e  c o n d i t i o n s  w i l l  change wi th  t h e  

a p p l i c a t i o n ,  j o i n t  des ign ,  material t h i c k n e s s ,  e t c .  This means t h a t  t h e  pro-  

cedure should b e  q u a l i f i e d  f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n  and t h a t  t h e  cond i t ions  
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--I 1/32" max 

For 1/2" thick base metal 

1/32" db m a x q  I- 1/8 to 318" 

For I /2" - I- 1/2" thick base metal 

-f 1/32" max 

For base metal thicker than 3/4" 

F I G U R E  16. J O I N T  D E S I G N S  F O R  SUBMERGED-ARC WELDING 
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must be c l o s e l y  monitored du r ing  welding. 

consu l t ed  f o r  suggested welding cond i t i ons .  

The w i r e  and f l u x  s u p p l i e r  should be 

Plasma Arc Welding. The plasma arc i s  one of  t he  newly developed methods 

of  arc welding. While t h e  plasma a r c  c l o s e l y  resembles t h e  gas- tungs ten  arc,  t h e r e  

are important  d i f f e r e n c e s  t h a t  a f f e c t  a r c  behavior  and p r o p e r t i e s .  The gas- 

tungs ten  a r c  i s  an  unconfined arc. I n  c o n t r a s t ,  t h e  arc column of t h e  plasma 

arc i s  c o n s t r i c t e d  as i t  passes  through t h e  nozzle  o r i f i c e ;  i t s  diameter  i s  

decreased ,  t h e  c u r r e n t  d e n s i t y  i s  inc reased ,  and t h e  a r c  temperature  i s  increased .  

Plasma-arc equipment has  been developed s p e c i f i c a l l y  f o r  welding. 

innovat ion  i s  the  "needle arc", a s m a l l  diameter-plasma arc t h a t  can  be used t o  

The most r e c e n t  

weld f o i l  gage m a t e r i a l s .  

Because of  t he  arc c o n s t r i c t i o n  and the  r e l a t i v e  s t i f f n e s s  of t h e  a r c  

column, t h e  p l a sma  a r c  i s  concent ra ted  on a s m a l l  a r e a  on the  workpiece. A s  

a r e s u l t ,  t h e  

(1) 

(5) 

fol lowing c h a r a c t e r i s t i c s  are a s s o c i a t e d  wi th  plasma-arc welding: 

For a g iven  c u r r e n t  more h e a t  i s  t r a n s f e r r e d  t o  t h e  workpiece 

w i th  the  plasma a r c  t han  wi th  t h e  more d i f f u s e d  gas- tungs ten  

a r c .  

Welding can be conducted a t  h igher  rates wi th  the  plasma a r c .  

The weld bead and a s s o c i a t e d  h e a t - a f f e c t e d  zone a r e  narrow. 

The plasma a r c  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  minor v a r i a t i o n s  

i n  t h e  process  v a r i a b l e s .  

P i e r c ing  o r  "keyholing" of  t h e  workpiece occurs  dur ing  welding. 

The occurrence of  p i e r c ing  i s  a p o s i t i v e  i n d i c a t i o n  of  f u l l  

pene t r a t i on .  

Welds can be made wi thout  backup f i x t u r i n g .  

For welding t h e  plasma a r c  i s  e s t a b l i s h e d  between t h e  e l e c t r o d e  and t h e  

workpiece t o  o b t a i n  maximum h e a t  t r a n s f e r .  

Appl ica t ions .  A t  t h e  t ime of  t h i s  r e p o r t ,  t h e r e  w a s  no informat ion  

on the  use  of  plasma-arc welding f o r  j o i n i n g  t h e  p rec ip i t a t i on- ha rden ing  s t a i n l e s s  
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steels. However, they can probably be welded in accordance with the conditions 

established for welding the 300 series of stainless steels (Refs. 18, 39). The 

following data may be used as a guide: 

TABLE XVII. PLASMA-ARC WELDING CONDITIONS FOR SQUARE BUTT JOINTS 
IN TYPE 304 STAINLESS STEEL (REF. 40) 

Straight 
Po lar i t y , 

(1) 
Direct Arc Shielding 

Thickness, Welding Speed, Current , Voltage , Gas Flow, 
inch ipm amperes volts cfh 

3/32 38 160 31 35 

118 24 145 32 35 

3/16 16 165 36 45 

1 /4 14 240 38 50 

(1) Shielding gas composition: Argon + 7.5% Hydrogen. 

Electron-Beam Welding. Electron-beam welding can be an attractive 

process for welding precipitation-hardening stainless steel parts. The process 

can be used for welding material with thicknesses ranging from the foil gages to 

over 2 inches in a single pass. In addition to being very versatile regarding 

material thickness that can be welded, electron-beam welding has two other major 

advantages: (1) welding is done in a vacuum and (2) very narrow welds are pro- 

duced. By welding in a vacuum, contamination from gaseous impurities is virtually 

nonexistent. The vacuum atmosphere is even purer than the inert-gas atmosphere 

of GTA or GMA welding. The very narrow welds that are produced are subject to 

very little distortion or warpage. 

The requirement for welding in a vacuum is also one of the chief disad- 

vantages of electron-beam welding. All the parts being welded must be placed in 

a vacuum chamber. The chamber size thus limits the size and shape of the parts 

being welded. Movement of the parts during welding and observation of the welding 
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operation also are hindered by the vacuum chamber. Loading and unloading parts from 

the chamber and pumping the vacuum on the chamber after each loading operation is 

time consuming. As a result, production rates for electron-beam welding are quite 

low. Sliding vacuum chambers have been developed to alleviate this problem and 

work currently is under way to develop "out-of-vacuum" electron-beam welding. 

The other major disadvantage of electron-beam welding is the cost of the 

equipment. Electron-beam welding equipment is expensive. Unless the special 

characteristics of electron-beam welding are required, it is cheaper and usually 

quicker and easier to use one of the more conventional welding processes. 

Electron-beam welding equipment is classed as either high-power density or 

low-power density. Only the high-power-density equipment is capable of producing 

deep narrow welds. Low-power-density equipment was produced in the early days of 

electron-beam welding development but, as far as is known, no low-power-density 

equipment is being produced currently. However, such equipment still exists and 

may be used occasionally by some fabricators. 

High-power-density Bquipment may be further subdivided into low-voltage and 

high-voltage classes. 

by using a "low" accelerating voltage and high beam currents. 

tainable on such equipment normally is around 30 kv although some 60 kv equipment 

is now being produced. The 60 kv equipment really should be classed as medium- 

voltage equipment. The high-voltage equipment uses accelerating voltages as high 

as 150 kv in conjunction with low-beam currents. 

In low-voltage equipment, the high welding power is achieved 

Maximum voltage ob- 

There are advantages and disadvantages to both high- and low-voltage electron- 

beam welding. The process that is used depends on the needs of the particular 

fabricator. An almost equal number of high- and low-voltage welders have been 

produced and are in use in the United States (Ref. 41). 

In general, higher power can be achieved with the low- and medium-voltage 

equipment. Most equipment of these classes have power ratings in the range of 

9 to 15 kw. (Ref. 42) .  The high-voltage welders usually have power ratings in 
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the 3 to 6 kw range. The results obtainable with both the high- and low-voltage 

high-power-density welders are comparable. Weld joint shape produced by both classes 

’ is comparable. The low-voltage welders have slightly greater penetrating ability 

due to their generally higher power ratings. The 60 kw welder is claimed to be 

capable of penetrating 9-inch aluminum plate in a single pass. The high-voltage 

welders generally are better suited for welding thin material and small parts. 

This is because the beam can be accurately focused to a smaller diameter than the 

low-voltage beam. High-voltage welders are equipped with optical viewing devices 

that enable the operator to observe the welding operation. 

electron beam has a greater depth-of-focus than a low-voltage beam. This means 

that the part can be located further from the gun, up to 24 inches away. In low- 

voltage welding, the part must be about 3 to 6 inches from the gun. However, 

recent advances in equipment design permit parts to be welded at greater distances 

from the gun. Changes in shape of the part do not affect the welding operation in 

high-voltage welding while the beam must be refocused when welding variable shape 

parts in low-voltage welding. 

The high-voltage 

Welding Procedures. Welding procedures used in electron-beam welding 

are dependent on material thickness and the type of electron gun being used. For 

a given thickness of material, various combinations of accelerating voltage, beam 

current, and travel speed are satisfactory. In electron-beam welding,the electrical 

parameters do not adequately describe the heat-input characteristics of the beam 

since these characteristics are affected significantly by the focus of the beam. 

Measurements of beam diameter are difficult to make under production conditions 

so that the transfer of welding parameters between different equipment units is 

very difficult. Fortunately, suitable welding parameters can generally be developed 

on a given piece of equipment with only a very few trials. 

In very thick material, the first pass made to completely penetrate the joint 

sometimes is undercut along both edges of the weld metal. This undercutting can be 
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TABLE XVIII. TYPICAL CONDITIONS FOR ELECTRON-BEAM WELDING 
PRECIPITATION-HARDENING STAINLESS STEELS (Ref. 41) 

Beam Travel 
Thickness, Voltage, Current, Speed, 

Materia 1 inch kv ma ipm Remarks 

17-4 PH 

i i 
i 
i 

117-7 PH 
L 

PH 15-7 MO 
i 

LAM-355 

I 
! 

: I 

L 

0.032 

0.046 

0.100 

0.125 

0.625 

0.050 

0 ,250 

0.500 

0.750 

1 * 000 

0.150 

0.004 

0.250 

0.645 

90 2.5 

120 3 

100 10 

125 5 

140 8 

120 4 

145 15 

150 18.5  

150 20 

150 40 

150 5 .5  

50 0 .3  

145 11 

150 17.5 

30 

58.5 

30 

30 

25.4 

70 

46 

14 
20 

28 

27 

30 

28 

10 

i 
I 

Bead-on-plate weld i 
( 

i 

0.060-inch longitudinal 

Lap joint 

0.010-inch circular beam 

beam oscillation 

I 
os ci 1 lat ion 
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e l imina ted  by a second weld pass  made a t  somewhat lower energy levels  w i t h  a 

s l i g h t l y  defocused beam. However, u n d e r c u t t i n g  f r e q u e n t l y  can b e  reduced by 

~ making minor ad jus tments  i n  travel rate. The unders ide  of  electron-beam welds 

Some type  o f  metal-removal o p e r a t i o n  a l s o  may e x h i b i t  a n  u n d e s i r a b l e  con tour .  

i s  g e n e r a l l y  r e q u i r e d  t o  produce a n  a c c e p t a b l e  unders ide  contour .  

The f l a t  welding p o s i t i o n  u s u a l l y  i s  used i n  electron-beam welding. The 

welding p o s i t i o n s  t h a t  can be used are l i m i t e d  by t h e  v e r s a t i l i t y  of t h e  avai l-  

a b l e  welding equipment. Table  X V I I I  shows some of t h e  welding c o n d i t i o n s  t h a t  

have been used i n  t h e  electron-beam welding o f  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

s teels .  

Appl ica t ions .  Electron-beam welding h a s  been i n v e s t i g a t e d  exten-  

s i v e l y  f o r  j o i n i n g  PH 15-7Mo p a r t s  f o r  t h e  XB-70 (Ref. 4 3 ) .  Sine-wave p a r t s  

were welded t o  brazed honeycomb pane l s  (F igure  17) and t h e n  t h e s e  pane l s  w e r e  

welded t o g e t h e r  (F igure  1 8 ) .  

I n  welding t h e  s p a r  t o  t h e  pane l s ,  t h e  p a r t  w a s  p laced so  t h a t  t h e  s p a r  w a s  

i n  a h o r i z o n t a l  p o s i t i o n .  I n  t h i s  p o s i t i o n ,  t h e  e l e c t r o n  beam, be ing  i n  t h e  

v e r t i c a l  p lane ,  d i d  no t  "see" a sine-wave j o i n t  but  a s t r a i g h t  T- j o i n t  t h a t  

v a r i e d  up and down i n  t h e  ver t ica l  plane.  The beam w a s  focused a t  about t h e  mid- 

p o i n t  of t h e  sine-wave h e i g h t  and then  t r a v e r s e d  t h e  j o i n t .  A h igh- vol tage  beam 

w i t h  a broad depth- of- focus  w a s  used so t h a t  no f u r t h e r  adjustment  of t h e  focus  

w a s  r e q u i r e d  as t h e  weld w a s  made. I n  welding t h e  pane l s  t o g e t h e r ,  t h e  beam w a s  

d i r e c t e d  a t  t h e  t o p  j o i n t  of t h e  upper honeycomb pane l .  The beam p e n e t r a t e d  t h e  

top  and bottom f a c e  s h e e t s  of  t h e  t o p  panel  and t h e  top  and bottom s h e e t s  of t h e  

lower panel .  Thus, a l l  f o u r  j o i n t s  w e r e  made s imul taneous ly .  

Techniques and equipment were developed f o r  making t h e  f i n a l  c lose- out  weld 

on t h e  wing t o  f u s e l a g e  j o i n t  on t h e  XB-70. This  j o i n t  i s  shown i n  F i g u r e  19. The 

bottom f a c e  s h e e t  of t h e  brazed PH 15-7Mo honeycomb panel  was GTA welded. The 

GTA t o r c h  w a s  p o s i t i o n e d  through a gap i n  t h e  upper f a c e  s h e e t .  A f t e r  GTA welding,  
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FIGUPW 17.  SINE WAVE SPECIMEN I N  
PH 15- 7  >IO STAINLESS 
STEEL ( R e f .  4 3 )  

FIGURE 18. SIMULTANEOUS FOUR W L D  SPECIPIEN I N  
PI1 15-7 i'lo S7'AINLESS STEEL 
( R e f .  4 3 )  
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FIGURE 19. WING-TO-FUSELAGE JOINT IN XB-70 ( R e f .  43)  

c 
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t h i s  gap w a s  f i l l e d  w i t h  a T-shaped f i l l e r  s t r i p .  A p o r t a b l e  electron-beam welder 

w a s  clamped over  t h e  j o i n t  area on t h e  upper s h e e t  and a n  electron-beam weld w a s  

made a long  each s i d e  of t h e  f i l l e r  s t r i p  (F igure  20). 

The p o r t a b l e  welder  t h a t  w a s  developed c o n s i s t s  of  a small h a l f - s h e l l - t y p e  

vacuum chamber t h a t  clamps on t h e  p a r t  t o  b e  welded. 

must be  l a r g e  and f l a t )  forms t h e  bottom h a l f  of t h e  chamber, 

i s  mounted on a l i d  t h a t  s l i d e s  a long  t h e  t o p  of t h e  chamber (F igure  21). The 

The p a r t  be ing  welded (which 

The e l e c t r o n  gun 

equipment can  b e  used f o r  overhead welding of  l a r g e  p a r t s  a l s o  (Figure  22).  

Other p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s t e e l  p a r t s  t h a t  have been f a b r i c a t e d  

by electron-beam welding i n c l u d e  a 17-7 PH p r e s s u r e  vessel and a n  A-286 t u r b i n e  

wheel. The P r e s s u r e  V e s s e l  (F igure  23) ( R e f .  24) w a s  8-inch diameter  w i t h  0.140-inch 

w a l l  t h i c k n e s s .  This p a r t  i l l u s t r a t e s  a n  e x c e l l e n t  a p p l i c a t i o n  f o r  electron-beam 

welding.  J i g g i n g  of t h e  p r e s s u r e  vessel i s  s imple  and t h e r e  is  no requirement  f o r  

i n t e r n a l  backing s t r i p  o r  clamps. Thus, t h e  problem of  removing i n t e r n a l  p a r t s  

does not  p r e s e n t  i t s e l f  and a l a r g e  e x i t  h o l e  is  n o t  r e q u i r e d .  The t u r b i n e  wheel 

c o n s i s t e d  of a n  A-286 t u r b i n e  d i s c  and a r i n g  of Udimet 500 b lades .  E lec t ron-  

beam welding h a s  proven t o  be a n  e x c e l l e n t  method of  j o i n i n g  c e r t a i n  d iss imilar  

metals o r  a l l o y s  and t h i s  i s  a t y p i c a l  example of such a n  a p p l i c a t i o n .  

R e s i s t a n c e  Spot Welding. I n  r e s i s t a n c e  s p o t  welding,  a l l  t h e  h e a t  r e q u i r e d  

t o  accomplish j o i n i n g  i s  s u p p l i e d  by t h e  passage of a n  e lec t r ic  c u r r e n t  between two 

opposed e l e c t r o d e  t i p s  t h a t  c o n t a c t  t h e  s u r f a c e s  of  t h e  p a r t s  t o  b e  jo ined .  I n  con- 

v e n t i o n a l  spot-welding p r a c t i c e ,  a l o c a l i z e d  volume o f  metal a t  t h e  s h e e t- t o- s h e e t  

i n t e r f a c e  r e g i o n  melts, then  s o l i d i f i e s  t o  form t h e  weld. 

R e s i s t a n c e  s p o t  welding has  been a p p l i e d  t o  a l i m i t e d  number of  t h e  p r e c i p i t a t i o n -  

hardening s t a i n l e s s  steels such  as 17-7 PH, A-286, PH 15-7 Mo, PH 14-8 Mo, AM-350, 

and AM-355, b u t  in format ion  on a p p l i c a t i o n s ,  welding c o n d i t i o n s  and techn iques ,  and 

p r o p e r t i e s  is  l i m i t e d .  Al loys  such as 17-4 PH, 17-10P, HNM, and AFC-77 are n o t  

widely  used f o r  a p p l i c a t i o n s  r e q u i r i n g  s p o t  welding.  When s p o t  welding the 
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FIGURE 20. PHOTOMACROGPAPH OF SMULATED WING-TC-FUSELAGE WELD 
(Ref. 4 3 )  

FIGURE 21. PORTABLE ELECTRON-BEhI WELDER 
(Ref. 44) 
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FIGURE 22. PORTABLE ELECTRON-BEAM 'WELDER SET UP FOR 
OVERHEAD WELDING OF LARGE PARTS 
( R e f .  44)  
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FIGURE 23. ELECTRON-EEAM bELDED PRESSUPG VESSEL 
(17- 7 PE: STAINLESS STEEL, 
0.140-INCH WALL THICKNESS) 
(Ref.  24) 
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p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels, welding c o n d i t i o n s  are based on t h o s e  

used f o r  t h e  a u s t e n i t i c  s t a i n l e s s  steels. For b e s t  welding r e s u l t s  w i t h  a l l o y s  

l i k e  17-7 PH and PH 15-7 Mo, welding j u s t  b e f o r e  o r  j u s t  a f t e r  t h e  f i n a l  harden-  

i n g  t r ea tment  i s  u s u a l l y  recommended. This  procedure l eaves  t h e  s p o t  weld nugget 

i n  a s o f t e r ,  tougher c o n d i t i o n  than the b a s e  metal, 

The c o n f i g u r a t i o n s  involved i n  s p o t  welding and t h e  r e l a t i v e l y  shor t- t ime  

pe r iods  used w i t h  t h e  process  tend t o  p rec lude  any contaminat ion  from t h e  atmos- 

phere.  As a r e s u l t ,  there appears  t o  be l i t t l e  need t o  cons ide r  a u x i l i a r y  

s h i e l d i n g  dur ing  r e s i s t a n c e  s p o t  welding. 

v i t i e s ,  and mechanical p r o p e r t i e s  of t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels 

vary ,  depending on t h e  a l l o y  and i t s  cond i t ion .  

t h e r e f o r e ,  are a d j u s t e d  t o  account f o r  t h e  material p r o p e r t i e s  as wi th  o t h e r  

materials. Usual ly ,  s e v e r a l  combinations of welding v a r i a b l e s  can produce similar 

and a c c e p t a b l e  r e s u l t s .  

The thermal  and electr ical  conduct i-  

Condit ions f o r  s p o t  welding,  

Equipment. P r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels have been 

welded s u c c e s s f u l l y  us ing  conven t iona l  r e s i s t a n c e  spot-welding equipment (Ref .  45) .  

Spot-welding equipment normally provides  a c c u r a t e  c o n t r o l  over t h e  b a s i c  s p o t -  

welding parameters :  weld cu r ren t ,we ld  t i m e ,  and e l e c t r o d e  fo rce .  Various d a t a  

i n d i c a t e  t h a t  each of t h e s e  parameters may va ry  t o  a c e r t a i n  degree  wi thout  ap- 

p r e c i a b l y  reducing weld q u a l i t y .  It i s ,  however, d e s i r a b l e  t o  have enough c o n t r o l  

over t h e  parameters t o  o b t a i n  r ep roduc ib le  r e s u l t s ,  once t h e  optimum s e t t i n g s  are 

obta ined f o r  a given a p p l i c a t i o n .  Because of t h e  h i g h e r  c u r r e n t s  and e l e c t r o d e  

f o r c e s  r e q u i r e d  f o r  t h i c k e r  s h e e t  and f o r  t h e  ha rde r  a l l o y s ,  t h e  l a r g e r  p ress- type  

machines are more s u i t a b l e .  Upslope c o n t r o l s  are used t o  he lp  prevent  expuls ion,  

bu t  downslope and postweld h e a t  c o n t r o l s  have not  demonstrated any advantages 

when used i n  welding t h e s e  a l l o y s .  No s i g n i f i c a n t  changes i n  welding c h a r a c t e r i s -  

t i c s  o r  s t a t i c  weld p r o p e r t i e s  have been r e p o r t e d  t h a t  can  be a t t r i b u t e d  t o  t h e  

u s e  of any s p e c i f i c  type  of r e s i s t ance- weld ing  equipment, bu t  t h e r e  may be  a 

p re fe rence  by some f a b r i c a t o r s  f o r  th ree- phase  equipment. 
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RWMA Group A Class 3 e l e c t r o d e  a l l o y  g e n e r a l l y  i s  used f o r  s p o t  welding 

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels.  I n  conven t iona l  p r a c t i c e ,  i n t e r n a l l y  

cooled e l e c t r o d e s  are recommended t o  improve t i p  l i f e .  For  small p a r t s ,  t h e  

e l e c t r o d e s  o f t e n  are n o t  w a t e r  cooled.  Both f l a t  f a c e  and s p h e r i c a l  r a d i u s  t i p  

geometries are used.  

When des ign ing  sheet-metal  assemblies  for  r e s i s t a n c e  s p o t  welding,  t h e  

f a c t o r s  that should be  cons idered  are t h e  same as f o r  c t h e r  materials. These 

f a c t o r s  inc lude :  

(1) J o i n t  Overlap - A s u f f i c i e n t  amount of o v e r l a p  should b e  provided t o  

c o n t a i n  t h e  weld.  

(2)  A c c e s s i b i l i t y  - Spot welds should b e  placed i n  l o c a t i o n s  t h a t  are ac- 

c e s s i b l e  w i t h  t h e  equipment t o  be used. 

( 3 )  F l a t n e s s  - Forging p r e s s u r e  w i l l  be inadequate  i f  p a r t  of  i t  i s  used 

t o  form t h e  p a r t s  t o  provide proper  c o n t a c t .  

( 4 )  Weld Spacing - I n s u f f i c i e n t  s p o t  weld spac ing  causes  reduced c u r r e n t  a t  

t h e  d e s i r e d  l o c a t i o n  due t o  shun t ing  t o  some c u r r e n t  through p r e v i o u s l y  

made welds.  

Welding Condi t ions .  R e s i s t a n c e  spot-welding c o n d i t i o n s  are p r i m a r i l y  

c o n t r o l l e d  by t h e  t o t a l  th ickness  of  t h e  assembly be ing  welded, and t o  a r a t h e r  

l a r g e  degree ,  by t h e  welding machine be ing  used. 

b e  p e r f e c t l y  s u i t a b l e  f o r  making welds i n  t h e  same t o t a l  th ickness  where t h e  number 

of l a y e r s  d i f f e r s  s i g n i f i c a n t l y .  However, f o r  any g iven  t h i c k n e s s  o r  t o t a l  p i l e u p ,  

v a r i o u s  combinations of welding c u r r e n t ,  t i m e ,  and a p p l i e d  f o r c e  may produce s imilar  

welds,  Other v a r i a b l e s  such as e l e c t r o d e  s i z e  and shape are important  i n  con- 

t r o l l i n g  such c h a r a c t e r i s t i c s  as metal expuls ion ,  sheet i n d e n t a t i o n ,  and s h e e t  

s e p a r a t i o n .  

S i m i l a r  welding c o n d i t i o n s  may 

The p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels g e n e r a l l y  are harder  and s t r o n g e r  

than  low-carbon s tee l ,  p a r t i c u l a r l y  a t  e l e v a t e d  temperatures ;  g r e a t e r  p r e s s u r e s  

are t h e r e f o r e  r e q u i r e d  dur ing  s p o t  welding. The t i m e  of c u r r e n t  f low should be  
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as s h o r t  as p o s s i b l e .  Cur ren t  i s  set  a t  a v a l u e  t h a t  i s  somewhat above t h e  

v a l u e  t h a t  produces a week o r  j u s t  "stuck" weld, bu t  below v a l u e s  t h a t  produce 

expuls ion.  

P r o p e r t i e s .  The q u a l i t y  of s p o t  welds i s  determined by several 

t e s t i n g  methods. I n  a d d i t i o n  t o  c r o s s  t e n s i o n  and tens ion- shear- s t reng th  

requirements ,  many s p e c i f i c a t i o n s ,  such as company s p e c i f i c a t i o n s  and t h e  

m i l i t a r y  s p e c i f i c a t i o n  MIL-W-6858 (Ref. 46) ,  p l a c e  c e r t a i n  r e s t r i c t i o n s  on 

weld p e n e t r a t i o n ,  s h e e t  s e p a r a t i o n ,  e l e c t r o d e  i n d e n t a t i o n ,  and weld diameter .  

Many p r o p e r t i e s  and c h a r a c t e r i s t i c s  o f  r e s i s t a n c e  s p o t  welds i n  p re-  

c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels have been determined. I n  many i n s t a n c e s ,  

complex t e s t i n g  procedures are r e q u i r e d  t o  determine t h e  behavior  of  s p o t  welds 

under s p e c i a l  c o n d i t i o n s .  The f a t i g u e  p r o p e r t i e s  of  s p o t  welds are low, b u t  

t h i s  behav ior  i s  more c h a r a c t e r i s t i c  of t h e  j o i n t  type  than  of t h e  material. 

Appl ica t ions .  Res i s tance  s p o t  welding has  been used e x t e n s i v e l y  f o r  

f a b r i c a t i n g  some of t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels,  and c o n s i d e r a b l e  

in format ion  has  been developed on s p o t  welding t h e s e  a l l o y s .  Some of t h e  

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels have no t  been so widely  used i n  s h e e t  

form, s o  t h e  in format ion  a v a i l a b l e  on s p o t  welding them i s  q u i t e  l i m i t e d .  

AM-350, AM-355, AM-362, and AM-363 a l l o y s  are s p o t  welded us ing  c o n d i t i o n s  

similar t o  those  used f o r  a u s t e n i t i c  s t a i n l e s s  steels (Ref. 47) .  These a l l o y s  can 

be  s p o t  welded b e f o r e  o r  a f t e r  t h e  f i n a l  hardening t rea tment .  However, s p o t  welding 

AM-350 b e f o r e  t h e  t rans format ion  t rea tment  can r e s u l t  i n  low s t r e n g t h  and b r i t t l e  

f a i l u r e s  (Ref. 48) .  To o b t a i n  t ens ion- to- shear  r a t i o s  g r e a t e r  than  0.25, i t  i s  

recommended t h a t  t h e  ag ing  t rea tment  precede t h e  welding opera t ion .  S t r e n g t h s  of 

spot-welded AM-350 and AM-355 are shown i n  Table X I X .  The e f f e c t s  of v a r i o u s  h e a t-  

t r e a t i n g  c y c l e s  on t h e  t ens ion- to- shear  r a t i o  of spot-welded AM-350 are shown i n  

Table XX. The t e n s i l e - s h e a r  s t r e n g t h s  a t  e l e v a t e d  temperatures  of v a r i o u s  th icknesses  

of spot-welded AM-350 are shown i n  F i g u r e  24. An AM-350 spot-welded s t r a p  hinge i s  

shown i n  F i g u r e  25. Spot welds a l s o  have been made to  j o i n  AM-350 t o  17-7 PH. The 

92 t e n s i l e - s h e a r  s t r e n g t h s  of  t h e s e  welds w e r e  ve ry  similar t o  t h o s e  i n  AM-350. 



TABLE X I X .  TENSION-SHEAR STRENGTHS OF SPOT-WELDED AM-350 AND 
AM-355 STAINLESS STEELS (Ref. 47) 

L 

Elec t rode  E 1 ec t r o d e  Weld Welding Tens ion-Shear 
Heat Treatment D i a m e t e r ,  Force,  T ime  , Current  , S tr eng t h  , 
- Condition(a) inch pounds c y c l e s  amperes pounds 

A + welded 

Welded + E 

Welded + F 
14 9,500 2240 

5/32 
114 
5/32 
114 
5/32 
114 

114 

114 

114 

114 

114 

114 

0.024-Inch-Thick AM-350 

1200 12 
1200 24 
1200 12 
1200 12 
1200 12 
1200 12 

0.037-Inch-Thick AM-355 

900 10 
14 

900 10 
14 

900 10 
14 

900 10 
14 

900 10 
14 

900 10 

8,500 
10,500 

7 , 500 
9,500 
7,500 
9,500 

9,500 
9,500 
9,500 
9,500 
9,500 
9,500 
9,500 
9,500 
9,500 
9,500 
9,500 

1090 
1275 
1020 
1440 
1030 
1260 

1810 
1900 
1850 
2500 
1410 
1940 
1840 
2140 
2480 1 

2080 

! 

1 

1780 i 
(a)  Code Heat Treatment 

A M i l l  annealed a t  1750 F 
B M i l l  annealed;  -100 F f o r  2 hours ;  850 F f o r  2 hours 
C M i l l  annealed;  1375 F f o r  1 hour;  a i r  coo l ;  850 F f o r  1 hour 
D -100 F f o r  2 hours;  850 F f o r  2 hours 
E 1710 f o r  15 minutes; a i r  coo l ;  -100 F f o r  2 hours;  850 F f o r  2 hours 
F 1375 f o r  1 hour;  a i r  coo l ;  850 F f o r  1 hour. 

TABLE XX. EFFECT OF HEAT TREATMENT ON TENSION-TO-SHEAR RATIOS OF SPOT-WELDED 
0.080-INCH-THICK AM-350 STAINLESS STEEL (Ref. 47) 

S t r enp th ,  pounds Tens ion  
Preweld Heat Postweld Heat Tensile-Shear Cross-Tension t o  -Shea] 

Treatment Treatment T e s t  T e s t  Ra t io  

nneal (1720 F) None 
nneal  (1720 F) SCT 

None 
SCT 

7475 25 75 0.34 
8725 2100 0.24 
7450 3060 0.41 
8710 2550 0.25 
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FIGURE 24. TENSILE-SHEAR STRENGTH AT ELEVATED TEMPERATURES 
FOR SPOT-WELDED AM-350 STAINLESS STEEL 
(Ref 47) 

Material i n  SCT h e a t- t r e a t e d  cond i t i on  p r i o r  t o  
welding. No postweld h e a t  t r ea tmen t s  given. 
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1:IGURE 25. STIIAP-IIINGE OF AM-350 USED TO 
FASTEN CAHISTERS OF DELICATE 
INSTRUMENTS IN TIIE 
ATUS MISSILE 
( R e f .  49)  
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Spot welding w a s  used t o  f a b r i c a t e  l i g h t  weight AM-355 r o c k e t  chambers 
' .  

s t r o n g  enough t o  wi ths tand  305,000 p s i  w a l l  stress (Ref. 50). These chambers, 

shown i n  F igure  26 and 27, were f a b r i c a t e d  by " s t r i p  winding" and s p o t  welding 

m u l t i p l e  l a y e r s .  This method of f a b r i c a t i o n  w a s  used as a replacement method f o r  

b raz ing  and r e s i n  bonding. Brazing in t roduced extra weight  and the h i g h  b raz ing  

temperatures  weakened the pa ren t  metal. Resin-bonded l a y e r s  separa ted  when sub jec ted  

t o  aerodynamic h e a t i n g .  

S l i g h t l y  h igher  s p o t  welding c u r r e n t s  are r e q u i r e d  f o r  A l m a r  363 than  f o r  

t h e  a u s t e n i t i c  s t a i n l e s s  steels because t h e  material is  magnetic (Ref. 51). The 

s p o t  welded s t r e n g t h s  i n c r e a s e  w i t h  t h e  weld d iameter  i n  t h e  same manner as t h e  

a u s t e n i t i c  s t a i n l e s s  s teels .  F igure  28 i l l u s t r a t e s  t h e  weld s t r e n g t h s  which are 

w e l l  above t h e  AWS minimum va lues  of 2400 pounds. The t r a n s p o r t a t i o n  i n d u s t r y  

uses  s p o t  welding e x t e n s i v e l y  t o  f a b r i c a t e  A l m a r  363. Its high s t r e n g t h  makes i t  

a t t r a c t i v e  f o r  t h e  s t r u c t u r a l  framework i n  a p p l i c a t i o n s  such as sh ipp ing  c o n t a i n e r s ,  

r a i l r o a d  ca rds ,  and trailer t r u c k  bod ies .  F igure  29 shows t h e  j o i n i n g  of A I S 1  

201 t r u c k  panels  t o  ' 'hat" shaped s t r u c t u r a l  framework which i s  made of A l m a r  363 

steel.  

Armco 17-7 PH, PH 14-8 Mo,  and the PH 15-7 Mo a l l o y s  a l s o  have been f a b r i c a t e d  

i n t o  u s e f u l  products  by s p o t  welding. Typical  r e c e n t  a p p l i c a t i o n s  of s p o t  welding 

i n c l u d e  r o c k e t  chambers and a v a r i e t y  of assembly o p e r a t i o n s  on t h e  XB- 70 and o t h e r  

type  a i r c r a f t .  Welding c o n d i t i o n s  f o r  t h e s e  a l l o y s  a l s o  are similar t o  those  used 

f o r  t h e  a u s t e n i t i c  s t a i n l e s s  steels. For b e s t  s p o t  welding r e s u l t s ,  i t  i s  recom- 

mended t h a t  s p o t  welding be  performed j u s t  be fo re  o r  a f t e r  t h e  f i n a l  hardening 

t r ea tment .  This procedure produces a s p o t  weld nugget t h a t  i s  i n  a tough a u s t e n i -  

t i c  c o n d i t i o n  (Ref. 52. 

requirements  of MIL-W-6858 (Ref. 52, 53, 54). 

These a l l o y s  can be  s p o t  welded r e a d i l y  t o  s a t i s f y  t h e  

Typ ica l  welding c o n d i t i o n s  and p r o p e r t i e s  of s p o t  welds i n  17-7 PH are 

given i n  Table X X I .  These d a t a  show t h a t  a c c e p t a b l e  s p o t  welds can  be produced 
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F I G U R E  26. \$RAPPING AM-355 F O I L  ONTO A MANDREL 
WHERE I T  I S  TACK WELDED I N T O  
P O S I T I O N  PRIOR TO SPOT WELDING 
( R e f .  50) 
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FIGURE 27. RESISTANCE SPOT WELDING A NEW AM-355 CASE 
( R e f .  50) 
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FIGURE 28. TENSION-SHEAR STRENGTH FOR SPOT WELDS IN 
0.060-INCH-THICK ALMAR 363 (Ref. 51) 
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FIGURE 29. A m R  363 STRUCTURAL MEMBERS BEING SPOT WELDED 
TO TYPE 201 STAINLESS STEEL PANELS ( R e f .  51) 
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TABLE XXI.  RESISTANCE-SPOT WELDING CONDITIONS AND PROPERTIES FOR SPOT WELDS I N  
17-7 PH PRECIPITATION-HARDENING STAINLESS STEEL (Ref. 52) 

Aver age 
Tens ion - 

Thickness, In Which I n  Which Force,  Time, Cur ren t ,  S t reng th ,  
Condit ion Condit ion Shear 

inch Welded Tested lb c y c l e s  amperes lb 

0.050/0.050 

~0.050/0.050 

0.050/0.050 

i 

1 

I O .  050/0.050 
i 

i O 050/00 050 
0.050/0.050 

j 0. D50/0.050 

C 350/0.050 

I 
6 

3.050/0.050 

0.050/0.050 

0.050/0.050 

0.050/0.050 

0.050/0.050 

0.050/0.050 

O.v50/0.050 

0.050/0.05G 

G.050/0.050 

0.050/0.050 

A 

R-100 

RH950 

A 

A 

A 

A 

A 

A 

T 

T 

T 

T 

T 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

RH950 

RH9 5 0 

RH950 

.TH1050 

TH1050 

TH1050 

THl950 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

TH1050 

1200 

1200 

1200 

1200 

1200 

1200 

1400 

1600 

1800 

1200 

1200 

1400 

1600 

1800 

1200 

1200 

1400 

1600 

1800 

10 

10 

10 

8 

10 

1 2  

10 

10 

12 

10 

1 2  

10 

10 

12 

10 

12 

10 

10 

12 

7500 

7500 

7500 

8700 

8700 

8700 

8700 

8 700 

8700 

7500 

7500 

7500 

7500 

7500 

7500 

7500 

7500 

7500 

7500 

2556 

2882 

26660 

2990 

2790 

2680 

2870 

2730 

290G 

2970 

3250 

2790 

2710 

2980 

2610 

2747 

2620 

2550 

2700 
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i n  17-7 PH w i t h  a v a r i e t y  of material and welding c o n d i t i o n s .  

t y p i c a l  17-7 PH a i r c r a f t  component i s  shown i n  F i g u r e  30 (Ref .  55). 

Spot welding of  a 

The PH 14-8 Mo a l l o y  a l s o  can be s p o t  welded (Ref. 14) .  Welding schedules  

developed f o r  PH 14-8 Mo, a c a n d i d a t e  s k i n  material f o r  superson ic  t r a n s p o r t  a i r -  

c r a f t ,  are recorded i n  Tab le  XXII (Ref. 56). The a l l o y  w a s  s p o t  welded i n  t h e  

annealed c o n d i t i o n  and i n  t h e  h e a t - t r e a t e d  c o n d i t i o n .  Specimens made from h e a t -  

t r e a t e d  material w e r e  t e s t e d  i n  t h e  as-welded c o n d i t i o n ,  and specimens made from 

annealed material were h e a t  t r e a t e d  a f t e r  welding.  The pos thea t  t r ea tmen t  w a s  

as fo l lows:  Tr igger  annealed a t  1700 F f o r  1 hour and a i r  cooled,  then  sub-zero 

cooled a t  -110 F f o r  8 hours ,  and then aged a t  1050 F f o r  1 hour.  

The PH 15-7 Mo a l l o y  a l s o  can be s p o t  welded r e a d i l y  (Ref. 53). P r o p e r t i e s  

obta ined f o r  s p o t  welds prepared i n  i n t e r m e d i a t e  s t a g e s  dur ing h e a t  t rea tment  

t o  t h e  s t andard  cond i t ions  TH 1050, RH 950, and CH 900, are shown i n  Table X X I I I .  

A s  p a r t  of t h e  B-70 program, PH 15-7 Mo s t a i n l e s s  s teel  w a s  s p o t  welded us ing 

e x i s t i n g  c e r t i f i e d  welding schedules  f o r  1 7- 7  PH (Ref .  57). 

combinations were 0.025/0.025, 0.025/0.040, and 0.040/0.040 inch.  

Material th ickness  

A-286 a l l o y  a l s o  i s  r e a d i l y  r e s i s t a n c e  welded. S e v e r a l  a i r c r a f t  companies 

have exper ienced no problems w i t h  c rack ing  o r  o t h e r  d e f e c t s  r e l a t e d  t o  s p o t  welding 

th is  a l l o y  (Ref.  47).  Other i n v e s t i g a t o r s ,  however, have encountered c rack ing  and 

recommend t h e  use  of inc reased  f o r c e  o r  downsloped welding c u r r e n t  as p o s s i b l e  

remedies (Ref. 45). Another f a b r i c a t o r  ( R e f s .  54, 58) concluded t h a t  t h e  range of 

s p o t  welding machine s e t t i n g s  w a s  found t o  be narrower than f o r  s t a i n l e s s  s teels  

of t h e  18-8 v a r i e t y .  Within t h e  welding range,  t h e  a l l o y  w a s  weldable wi thout  

f lood  c o o l i n g  and wi th  less d i s c o l o r a t i o n  than Type 321 s t a i n l e s s .  There w e r e  i n d i -  

c a t i o n s  t h a t  it would be d i f f i c u l t  t o  avoid  c rack ing  i n  o r  a d j a c e n t  t o  t h e  weld 

nugget ,  e s p e c i a l l y  i f  welded under r e s t r a i n t .  Some t y p i c a l  p r o p e r t i e s  f o r  A-286 

s p o t  welds are given i n  Table X X I V .  
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FIGURE 30. SPOT WELDING ECONOMICALLY FABRICATES A LIGHTWEIGHT HIGH-STRENGTH 
AIRCRAFT PART MADE OF 17-7 PH PRECIPITATION-HARDENING STAINLESS 
STEEL (Ref. 55) 
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TABLE XXII. SPOT-WELDING SCHEDULE FOR 0.025/0.025-INCH 
PH 14-8 Mo STAINLESS STEEL (Ref. 56) 

Condit ion P r i o r  t o  Welding 
Heat Annealed 

Trea ted  (as rece ived)  

Weld phase s h i f t ,  pe rcen t  

Heat c y c l e s  

Cool c y c l e s  

Impu 1 se s 

TransEormer 

Weld f o r c e ,  l b  

E lec t rodes  

Class 

Diameter, inch  

Radius,  i nch  

50 

2 

1.5 

1 

S e r i e s  

1 , 250 

Copper 

I11 

518 

3 

36 

3 

1.5  

2 

S e r i e s  

800 

Copper 

I1 

518 
3 

Nugget d iameter ,  i nch  0.115 0.115 

P e n e t r a t i o n ,  pe rcen t  50 

Average t e n s i o n  shea r  s t r e n g t h ,  l b  85 0 

30 

765 

Average c r o s s  t ens ion  s t r e n g t h ,  l b  417 44 8 
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TABLE XXIII. PROPERTIES OF SPOT WELDS I N  PH 15-7 Mo (Ref. 53)(a) 

hick-  Condi t ion  Condi t ion  Average Tension Shear Tension Breaking 
ess, i n  Which i n  Which S t r e n g t h  Load --- l b  
nch Welded Tested low low 3 Avg. of 20 l o w  low 3 Avg. of  2C 

.049 A TH 1050 

T TH 1050 

TH 1050 TH 1050 

MIL-W-6858 Minimums 

1,049 A RH 950 

A 1750 RH 950 

R-100 RH 950 

RH 950 RH 950 

MIL-W-6858 Minimums 

I, 040 C CH 900 

CH 900 CH 900 

MIL-W-6858 Minimums 

2830 2840 

3075 3208 

2530 2623 

2125 2470 

2500 2550 

3115 3248 

2945’ 3105 

2480 2533 

2125 2470 

2545 2625 

2115 2222 

1460 1700 

3103 

3438 

2896 

2620 

2853 

3426 

3335 

2630 

2620 

2648 

2422 

1800 

370 

1360 

1500 

-- 

370 

-- 
1040 

1890 

-- 

740 

1040 

400 

1392 

1652 

-- 

393 

-- 
1050 

1977 

-- 

767 

1113 

580 

1648 

2015 

- -  

j 20 

-- 
1232 

2170 

-- 

854 

1264 

-- 

( a )  Welding cond i t i ons :  

E l ec t rode  f o r c e  1200 pounds 
Dame r a d i u s  of e l e c t r o d e :  3 inches  
, u r r e n t  : 7500 amperes 
Time : 10 c y c l e s  
XO pos thea t  o r  f o r g e  cyc l e .  
Vapor b l a s t i n g  used mremove h e a t  t reat  scale b e f o r e  welding. 
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Resistance Seam Welding. Seam welding is similar to spot welding. The 

principal advantage of seam welding is that it can be used to produce leaktight 

joints. The principal disadvantage is that there is much more distortion with 

seam welding than with other types of resistance welding. Experience in seam weld- 

ing the precipitation-hardening stainless appears to be limited to 17- 7 PH. 

In seam welding, wheel-type electrodes instead of spot-welding electrodes are 

used. Individual overlapping spots are created by coordinating the welding current 

time and wheel rotation. Seam welds can be made with conventional spot-welding 

techniques. However, it is much more common to use commercially available equipment 

designed specifically for seaqwelding. In seam welding, the wheels usually can be 

rotated continually or intermittently. The use of continuous seam welding im- 

poses additional limitations on the weld-cycle variations that can be used. For 

example, a forge-pressure cycle is not possible during continuous seam welding 

because of the continuous rotation of the electrodes. Forging pressure can be 

used with intermittent motion. When the completed weldment is intended for applica- 

tions requiring leaktight seams, suitable pressure or leak tests are used. In 

addition, many of the tests applicable to spot welds also are applicable to seam 

welds. 

Applications. Seam welding is used for welding sheet metals usually 

for applications requiring gastight or leaktight seams. The precipitation-hardening 

stainless steels have been resistance seam welded but, unfortunately, only limited 

information is available in the published literature. The available information 

is further restricted to the 17- 7 PH alloys. Seam welding conditions and proper- 

ties for this alloy are given in Table XXV. When developing these conditions, the 

best combination of surface condition and weld spacing was produced using a seam 

welding speed of 25 inches per minute, 5 cycles heat time, and 4 cycles cool time. 

The seam welds were very nearly free of defects except for some expulsion and 

porosity near the beginning of each weld. 
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Seam welding a l s o  has  been u t i l i z e d  f o r  c lose- ou t  j o i n t s  i n  2- and 3- ply  

p i l eups  of 17-7 PH w i t h  access  from one s i d e  only .  

pared us ing  a s e r i e s - r e s i s t a n c e  welding arrangement (Ref. 60). The e l e c t r o d e  

S a t i s f a c t o r y  welds were p re-  

arrangement i s  shown i n  F igure  31. E l e c t r o d e  f o r c e  r e q u i r e d  wi th  t h e  series ar- 

. rangement w a s  twice  t h a t  r e q u i r e d  f o r  normal seam welding. 

P l a s h  Welding. F l a s h  welding is  used e x t e n s i v e l y  f o r  j o i n i n g  a l i m i t e d  

number of p rec ip i t a t ion- harden ing  s t a i n l e s s  steels. Typical  products  i n c l u d e  j e t  

engine  r i n g s ,  a i r c r a f t  p a r t s ,  band s a w s ,  knives ,  and p r e s s u r e  t anks  (Ref. 61). 

I n  two r e s p e c t s ,  f l a s h  welding i s  b e t t e r  adapted t o  t h e  h i g h- s t r e n g t h ,  h e a t -  

t r e a t a b l e  a l l o y s  than are a r c ,  s p o t ,  o r  seam welding. F i r s t ,  molten metal is  n o t  

r e t a i n e d  i n  t h e  j o i n t ,  s o  cast s t r u c t u r e s  t h a t  might be p r e f e r e n t i a l l y  corroded 

are not  p r e s e n t .  Second, t h e  h o t  metal i n  t h e  j o i n t  is u p s e t ,  and t h i s  u p s e t t i n g  

o p e r a t i o n  may improve t h e  d u c t i l i t y  of t h e  h e a t - a f f e c t e d  zone. 

F l a s h  welding has  s e v e r a l  important  advantages.  Weight saving can be  r e a l i z e d  

because t h e r e  i s  no need f o r  over lapping b o l t i n g ,  r i v e t i n g ,  o r  welding f l a n g e s .  

Extruded shapes can be  f l a s h  welded and, w i t h  s u i t a b l e  des igns ,  machining c o s t s  

can be  reduced. 

Equipment. Equipment f o r  f l a s h  welding i s  cons ide rab ly  d i f f e r e n t  from 

equipment used f o r  s p o t  o r  seam welding. For welding,  t h e  p a r t s  are he ld  f i r m l y  

i n  two copper- al loy  d i e s .  One o r  both  of t h e s e  d i e s  are movable. Current  from a 

welding t ransformer  passes  through t h e  d i e s  and i n t o  t h e  work. The p a r t s  i n i t i a l l y  

may o r  may n o t  be  s e p a r a t e d  b u t  are advanced toward each o t h e r .  A t  t h e  f i r s t  c o n t a c t  

of t h e  p a r t s ,  t h e  c u r r e n t  causes  me l t ing  of t h e  metal and v i o l e n t  expuls ion.  This 

behavior  con t inues  u n t i l  t h e  b a s e  metal is  heated  t o  welding temperature.  Then, 

t h e  p a r t s  are forged t o g e t h e r  t o  complete t h e  weld. 

s h u t  o f f  a t  t h e  t i m e  f o r g i n g  t a k e s  p lace .  

Welding c u r r e n t  u s u a l l y  i s  
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The machine c a p a c i t y  r e q u i r e d  t o  weld p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

steels does no t  d i f f e r  g r e a t l y  from t h a t  r e q u i r e d  f o r  steel.  

t r u e  f o r  t r ans former  c a p a c i t y .  The u p s e t- p r e s s u r e  c a p a c i t y  f o r  making f l a s h  

This is e s p e c i a l l y  

welds i n  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels is  h i g h e r  t h a n  that r e q u i r e d  

f o r  steel. F igures  32 and 33 show t h e  t rans former  and u p s e t  c a p a c i t y  r e q u i r e d  

f o r  welds of d i f f e r e n t  c r o s s - s e c t i o n a l  areas i n  s t a i n l e s s  steels (Ref.  62). Also 

of importance i s  t h e  f a c t  that t rans former- capac i ty  requirements  va ry  from one 

machine t o  ano ther ,  depending upon t h e  coupl ing  between t h e  p a r t s  and transf,ormer.  

J o i n t  Design and J o i n t  P repara t ion .  J o i n t  des igns  f o r  f l a s h  welding 

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels a l s o  are similar t o  t h o s e  used f o r  o t h e r  

metals. F l a t ,  sheared ,  o r  saw-cut edges and p inch- cu t  rod o r  w i r e  ends are sat is-  

f a c t o r y  f o r  welding.  For  t h i c k e r  s e c t i o n s ,  t h e  edges are sometimes beveled 

s l i g h t l y .  The o v e r - a l l  s h o r t e n i n g  of  t h e  p a r t s  due t o  metal l o s t  dur ing  welding 

should b e  t aken  i n t o  account  so  t h e  f i n i s h e d  p a r t s  w i l l  be t h e  proper  l e n g t h .  

F i g u r e  34 shows t h e  metal a l lowances  used i n  making f l a s h  welds i n  s e v e r a l  materials 

i n c l u d i n g  s t a i n l e s s  steels. The allowances i n c l u d e  t h e  metal l o s t  i n  t h e  f l a s h i n g  

and u p s e t t i n g  o p e r a t i o n s .  

The f lash-welding c o n d i t i o n s  t h a t  are of g r e a t e s t  importance are f l a s h i n g  

c u r r e n t ,  speed and t i m e ,  and u p s e t  p r e s s u r e  and d i s t a n c e .  With proper  c o n t r o l  

of t h e s e  v a r i a b l e s ,  molten metal, which may be contaminated,  i s  no t  r e t a i n e d  i n  

t h e  j o i n t ,  and t h e  m e t a l  a t  t h e  j o i n t  i n t e r f a c e  i s  a t  t h e  proper  temperature  f o r  

welding.  

Genera l ly ,  h i g h  f l a s h i n g  speeds  and s h o r t  f l a s h i n g  t i m e s  are used when i t  is  

d e s i r a b l e  t o  minimize weld contaminat ion.  Also, t h e  u s e  of a p a r a b o l i c  f l a s h i n g  

curve  is  more d e s i r a b l e  than  t h e  u s e  of a l i n e a r  f l a s h i n g  curve  because maximum 

j o i n t  e f f i c i e n c y  can be  ob ta ined  w i t h  a minimum of metal loss.  
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FIGURE.32. TRANSFORMER CAPACITY VERSUS WELD AREA FOR FLASH 
WELDING (Ref. 62 as corrected) 
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FIGURE 33. MAXIMUM MACHINE UPSET-PRESSURE REQUIREMENTS VERSUS 
WELD AREA FOR FLASH WELDING (Ref. 62) 
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Flash-welding v a r i a b l e s  v a r y  from machine t o  machine and a p p l i c a t i o n  t o  

a p p l i c a t i o n .  Welding c u r r e n t  and arc v o l t a g e  depend on t h e  t ransformer  t a p  t h a t  

is used. 

P r o p e r t i e s  of  F l a s h  Welds. F l a s h  welds t h a t  have mechanical proper-  

ties approaching t h o s e  of t h e  b a s e  metals are be ing  r e g u l a r l y  produced i n  conven- 

t i o n a l  machines. J o i n t  e f f i c i e n c i e s  o f  95 p e r  c e n t  o r  b e t t e r  are common f o r  f l a s h  

welds. The s t a t i c - t e n s i o n - t e s t  p r o p e r t i e s  of f lash-welded j o i n t s  i n  17- 7  PH and 

A-286 are summarized i n  Table  XXVI .  

Appl ica t ions .  F l a s h  welding h a s  been used f o r  j o i n i n g  p r e c i p i t a -  

t ion- hardening s t a i n l e s s  steels i n  a v a r i e t y  of  forms and shapes .  It i s  used f o r  

b u t t  welding b a r ,  rod,  and extruded s e c t i o n s .  The p rocess  a l s o  i s  used f o r  

j o i n i n g  r i n g s  such as j e t - e n g i n e  r i n g s .  A t y p i c a l  j e t - e n g i n e  r i n g  f a b r i c a t e d  by 

f l a s h  welding i s  i l l u s t r a t e d  i n  F i g u r e  35. These r i n g s  are f a b r i c a t e d  by r i n g  

r o l l i n g  of  extruded s e c t i o n s  and f l a s h  welding.  Some of t h e  p rocess ing  s t e p s  

used by one r i n g  manufacturer f o r  f a b r i c a t i n g  flash-welded r i n g s  are i l l u s t r a t e d  

i n  F i g u r e  36 (Ref. 6 3 ) .  

Other R e s i s t a n c e  Welding Processes .  The p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

steels have been welded by o t h e r  r e s i s t a n c e  welding p rocesses  b u t ,  u n f o r t u n a t e l y ,  

in format ion  on welding c o n d i t i o n s  and p r o p e r t i e s  is  v e r y  l i m i t e d .  Stud welding has  

been t r i e d ,  and conven t iona l  methods and f l u x i n g  procedures f o r  s t a i n l e s s  steels 

i n  g e n e r a l  appear  promising (Ref. 6 4 ) .  

P r o j e c t i o n  welding a l s o  h a s  been used f o r  c r o s s  w i r e  welding t h e  17-4 PH 

a l l o y .  In format ion  a v a i l a b l e  on t h i s  a p p l i c a t i o n  i s  p resen ted  i n  Table  X X V I I  (Ref. 

1 6 ) .  Cross-wire weldment s t r e n g t h s  can  exceed t h e  s t r e n g t h s  f o r  similar welds i n  

Type 301 s t a i n l e s s  steels, when t h e  17-4 PH weldment i s  p roper ly  h e a t  t r e a t e d  subse-  

quent t o  welding.  The c r o s s  w i r e  welds d e s c r i b e d  i n  Table  X X V I I  were made us ing  

a 75  kva a-C-type spot-welding machine and t e s t e d  i n  s imple  t e n s i o n  us ing  a 

s p e c i a l  t e s t i n g  f i x t u r e .  
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Cross Sect ion 

FIGURE 35. ILLUSTRATION OF A FZASH-WELDED JET- 
ENGINE RING ( R e f .  56) 
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b 

(b) Flash welding 

FIGURE 36. PROCESSING STEPS FOR FABRICATING FLASH-WELDED J E T  ENGINE 
RINGS 

( C o u r t e s y  King F i f t h  Wheel Co. )  
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Jc9 Shrinking 

FIGURE 3 6 .  (Cont inued)  
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TABLE XXVII .  TENSILE STRENGTH OF RESISTANCE PROJECTION WELDED 
CROSS-WIRE JOINTS (Ref. 16) 

I 

Breaking Load 
Alloy Diameter , i n  Tension, 
N a m e  i nch  F i n a l  Condi t ion  P r i o r  t o  Tes t ing  l b ( a )  

17-4 PH 1 / 4  Welded + 900 F - 1 h r  - a i r  coo l  2,864(b' 

H900 + Welded f 900 F - 1 h r  - 3 , 30 7 ( b, 

a i r  coo l  

(b> Weld + S o l u t i o n  Treated + 900 F - 3 , 988 

1 h r  - a i r  coo l  

H900 + Welded 4,876 (b ' 
3,295 (b Cold Drawn (UTS 160,000 p s i )  +we lded  302 1 /4  

,17-4 PH 5/32 A +Weld + 975 F - 1 h r  - a i r  coo l  1 , 670") 

A + 975 F +Weld - 1 h r  - a i r  coo l  3,090" ) 

Values are  averages  of f i v e  tests. 
The mutual i n d e n t a t i o n  of round w i r e  s e c t i o n s  a t  t h e  c r o s s  w i r e  

( e )  The mutual i n d e n t a t i o n  of round w i r e  s e c t i o n s  a t  t h e  c r o s s  w i r e  
j o i n t  w a s  approximately 10 t o  12%. 

j o i n t  w a s  24%. 
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High-frequency r e s i s t a n c e  welding a l s o  has  been used f o r  welding 17-7 PH 

exper imen ta l ly  (Ref. 65). 

SOLID-STATE WELDING 

I n  s o l i d - s t a t e  welding,  two o r  more s o l i d  phases are m e t a l l u r g i c a l l y  jo ined  

wi thout  t h e  c r e a t i o n  of any l i q u i d .  Welding occurs  by t h e  a c t i o n  of atomic f o r c e s  

and i s  no t  t h e  r e s u l t  of only  mechanical  i n t e r l o c k i n g .  For  eng inee r ing  purposes,  

s o l i d - s t a t e  welding i s  convenient ly  d iv ided  i n t o  two c a t e g o r i e s ,  d i f f u s i o n  welding 

and deformation welding. I n  d i f f u s i o n  welding,  deformat ion i s  r e s t r i c t e d  t o  t h a t  

amount necessary  t o  b r i n g  t h e  s u r f a c e s  t o  b e  jo ined  i n t o  i n t i m a t e  c o n t a c t  and d i f -  

f u s i o n  i s  t h e  primary mechanism of weld formation.  I n  deformation welding,  

d i f f u s i o n  p l a y s  a less impor tant  r o l e  and deformat ion i s  t h e  primary f a c t o r  i n  

c r e a t i o n  of t h e  weld. Both deformat ion and d i f f u s i o n  occur  i n  t h e s e  two s o l i d -  

state welding processes .  

These p rocesses  are desc r ibed  i n  more d e t a i l  below and exper ience  i n  t h e  

a p p l i c a t i o n  of t h e s e  methods t o  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels i s  presented .  

The fundamentals  of s o l i d - s t a t e  welding have been e x t e n s i v e l y  d i scussed  i n  a 

previous  r e p o r t  of t h e  Redstone S c i e n t i f i c  In fo rmat ion  Center, (Ref .  6 6 ) .  

Dif fus ion  Welding. S o l i d - s t a t e  d i f f u s i o n  welding i s  a j o i n i n g  method 

i n  which meta ls  are jo ined  w i t h  t h e  a p p l i c a t i o n  of p r e s s u r e  and h e a t .  P ressure  i s  

l i m i t e d  t o  t h e  amount t h a t  w i l l  b r i n g  t h e  s u r f a c e s  t o  be jo ined  i n t o  i n t i m a t e  con- 

t a c t ,  Very l i t t l e  deformation of t h e  p a r t s  t akes  p l a c e .  S o l i d - s t a t e  d i f f u s i o n  

welding does no t  permit  mel t ing  of t h e  s u r f a c e s  t o  be  jo ined .  Once t h e  s u r f a c e s  are 

i n  i n t i m a t e  c o n t a c t ,  t h e  j o i n t  i s  formed by d i f f u s i o n  of atomic s p e c i e s  a c r o s s  

t h e  o r i g i n a l  i n t e r f a c e s .  

Some of t h e  m e r i t s  of t h e  process  t h a t  make i t  a t t rac t ive  as a method of  

manufacturing are as fol lows:  
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(1) Multiple welds can be made simultaneously. 

(2) Welds can be made that have essentially the same mechanical, physical, 

and chemical properties as the base metal. 

Welding can be done below the recrystallization temperature of most ( 3 )  

materials. 

The formation of brittle compounds can be avoided provided that proper 

materials and welding conditions are selected. 

( 4 )  

(5) For each material combination, there are several combinations of para- 

meters that will produce welds. 

Segregation and dilution of alloy or strengthening elements is eliminated. ( 6 )  

Diffusion welding is primarily a time and temperature-controlled process. 

The time required for welding can be shortened considerably by using a high welding 

pressure or temperature because diffusion is much more rapid at high temperatures 

than at low temperatures. Both the welding time and temperature often can be 

reduced by using an intermediate material of different composition than the base 

metal to promote diffusion. This procedure reflects the increase in diffusion rate 

that is obtained by the introduction of a dissimilar metal. 

The steps involved in diffusion welding are as follows: 

(1) Preparation of the surfaces to be welded by cleaning or other special 

treatments. 

(2) Assembly of the components to be welded. 

( 3 )  Application of the required welding pressure and temperature in the 

selected welding environment. 

Retention of the welding pressure and temperature for the desired 

welding time. 

Removal of the welded parts from the welding equipment for inspection, 

testing, or placement in service. 

( 4 )  

(5) 



The preparation steps involved in diffusion welding usually include chemical 

etching and other cleaning steps similar to those employed during fusion welding 

or brazing. In addition, the surfaces to be welded may be coated with some other 

“intermediate” material by plating or vapor deposition to provide surfaces that 

will weld more readily. Preplaced, dissimilar-metal foils can also be used for 

intermediates. Coatings such as ceramics are sometimes applied t o  prevent welding 

; in certain areas of the interface. Methods used to apply pressure include simple 

presses containing a fixed and movable die, evacuation of sealed assemblies so 

“ that the pressure differential applies a load, andplacing the assembly in autoclaves 

so that high gas pressures can be applied. A variety of heating methods also can 

be used for diffusion welding. 

Diffusion welding conditions that have been reported in the literature for 

precipitation-hardening stainless steels are given in Table XXVIII. 

The usefulness of diffusion welding for the joining of precipitation-hardening 

stainless steels is probably much greater than is indicated by the limited experi- 

ence shown in Table XXVIIJ. For example, joining could be performed simultaneously 

with the age-hardening treatments used with these steels. The feasibility of such 

an approach has been indicated by a study of diffusion welding Type 347 stainless 

steel that i s  not age hardenable (Ref. 66). Using a gold-copper-gold intermediate 

system, this alloy wa$ successfully joined at 700 F in 15 minutes under 25,000 psi 

pressure. The welds were leak tight and had tensile strengths of 24,500 psi. 

In another solid-state-welding study, measurements were made of adhesion in 

ultra-high vacuum between pieces of A-286 steel and also pieces of 17-4 PH 

steel (Ref. 67). Several dissimilar metal combinations that were examined were: 

(1) 304 stainless steel to A-286 

(2) Rene 41 to A-286 
I 

( 3 )  2014-T6 aluminum to A-286. 

Studies of ultrasonic welding of PH 15-7 Mo have also been conducted (Ref. 68). 
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Deformation Welding. Deformation welding differs from diffusion welding 

primarily because a large amount of deformation takes place in the parts being 

joined. The deformation makes it possible to produce a weld in such shorter times 

and frequently at lower temperatures than are possible with diffusion welding. 

When joining assemblies at elevated temperatures, bonding pressures and atmospheres 

often differ considerably from room-temperature values because of such factors as 

outgassing and softening o f  the materials. Arrangements must be made to control 

these factors under actual bonding conditions. Welding deformations as great as 

95 per cent may be used. The steps involved in deformation welding are very simi- 

lar to those used in diffusion we.lding. 

R o l l  Welding. R o l l  welding is a solid-state-deformation-welding 

process that has been used for the fabrication of structural shapes and sandwich 

panels (Refs. 66 ,  7 1 ,  7 2 ,  7 3 ,  7 4 ) .  The roll-welding process utilizes conventional 

techniques and equipment and is fabricated in a standard hot rolling mill. An es- 

pecially important attribute of roll welding is that neither new machines nor 

unusual techniques are required. Forming is accomplished on hydropresses, brakes, 

and by other standard airframe manufacturing techniques. 

Roll welding usually includes the following processing steps: 

(1) Prepare the core, by corrugating or shaping to the desired configuration. 

( 2 )  Fill the spaces betweencorrugations or ribs, using filler bars of mild 

steel or other appropriate metal. 

( 3 )  Position the face sheets on the core-and-filler-bar section. 

( 4 )  Place the sandwich in an appropriate yoke. 

(5) Weld covers to the yoke to form an airtight pack. 

( 6 )  Evacuate the pack, t o  protect against oxidation. 

( 7 )  Hot roll thepack, in the same manner as a single metal plate, to the 

desired reduction in thickness; welding is accomplished in the same 

operation. 
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( 8 )  Contour t h e  pack, i f  con tour ing  i s  r e q u i r e d ,  by a p p r o p r i a t e  h o t  o r  

c o l d  r o l l i n g  o r  o t h e r  forming process .  

(9) Remove the covers ,  mechanically.  

(10) Remove t h e  f i l l e r  b a r s  chemical ly ,  l each ing  w i t h  d i l u t e  n i t r i c  o r  

o t h e r  a p p r o p r i a t e  a c i d .  

Primary advantages  of ro l l- welded  sandwich s t r u c t u r e s  inc lude :  (1) t h e  f a b r i c a t i o n  

o f  complex contoured s u r f a c e s  are p o s s i b l e ;  (2)  a r e l i a b l e  d i f f u s i o n  bond between 

c o r e  and f a c e s ,  wi th  t h e  p r o p e r t i e s  and s t r e n g t h  of  t h e  base  metal can b e  achieved;  

( 3 )  low c o s t  compared t o  conven t iona l  sandwich s t r u c t u r e s .  These advantages make 

i t  a s u i t a b l e  method f o r  f a b r i c a t i n g  f u e l  t anks ,  s o l i d  p r o p e l l a n t  engine cases, 

p r e s s u r e  v e s s e l s  and space v e h i c l e  s t r u c t u r e s  of  many k inds .  

I n  a c u r r e n t  program, m e t a l l u r g i c a l  p r a c t i c e s  are  be ing  developed f o r  compo- 

s i t e  r o l l i n g  metal pane l s  of f i v e  s p e c i f i c  a l l o y s ,  one of which i s  PH 14-8 Mo 

(Ref. 7 4 ) .  The i n v e s t i g a t i o n  e n t a i l s  assembling a pack c o n s i s t i n g  of a n  expen- 

d a b l e  c o n t a i n e r  f o r  enc los ing  t h e  s k i n  s h e e t s  and r i b  members of  t h e  s t r u c t u r a l  

m a t e r i a l .  Expendable f i l l e r  b a r s  are inc luded  t o  s e p a r a t e  the r i b s  and t o  mainta in  

t h e  d e s i r e d  geometry d u r i n g  r o l l i n g .  A pack des ign  i s  shown i n  F i g u r e  3 7 .  P r i o r  

t o  assembly, t h e  PH 14-8 Mo is  c leaned  by p i c k l i n g  i n  a s o l u t i o n  of  8 p a r t s  water, 

2.5 p a r t s  n i t r i c  a c i d ,  and 0.5 p a r t  h y d r o f l u o r i c  a c i d  a t  125 F f o r  about 6 minutes.  

Following p i c k l i n g ,  t h e  steel i s :  

(1) Rinsed i n  water 

(2)  Dipped i n  weak aqueous s o l u t i o n  of ammonia 

( 3 )  Rinsed a g a i n  i n  water 

( 4 )  Washed w i t h  ace tone  

(5) Dried w i t h  a c l e a n  towel.  

R o l l  welding a t  2200 F and a pack r e d u c t i o n  of  60 per  c e n t  has  produced a n  

e x c e l l e n t  weld showing complete e l i m i n a t i o n  of t h e  o r i g i n a l  j o i n t  i n t e r f a c e .  
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Sandwich cover 
of structural 
material 

Hole for J 
evacuation tube 

FIGURE 37. EXPLODED VIEW OF PACK' ASSEMBLY FOR PRODUCING 'ROLL- 
WELDED VERTICAL-RIB SANDWICH PANELS FROM PH 14-8 MO 

(Ref. 74)  
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Pressure-Gas 

welding process that uses 

- weld metal pieces without 

welding may or may not be 

Welding. Pressure-gas welding is a deformation- 

induction or gas-flame heating and high pressure to butt 

an intermediate material (Refs. 26, 75) Pressure-gas 

a solid-state-welding process, depending on the actual 

welding procedure used. 

closed-joint and the open-joint methods. In the closed-joint method, the clean faces 

of the parts to be joined are abutted together under pressure and heated until a 

The two modifications of the process in common use are the 

predetermined upsetting of the joint occurs. In the open-joint method the faces 

to be joined are individually heated to the melting temperature and then brought 

into contact for upsetting. This latter process is not a solid-state-welding 

method but more nearly resembles flash welding in which molten metal is expelled 

from the joint as upsetting occurs. 

varies depending uponthe material and weld area, is usually applied by a hydraulic 

system. Commercial installations are almost always partially or fully mechanized. 

The upsetting force during welding, which 

Although this process is adaptable to the joining of nearly all metals and 

has been applied to the welding of plain-carbon steels, low- and high-alloy steels, 

nickel-base alloys, titanium alloys, and several other nonferrous metals and alloys; 

the use of pressure-gas welding for joining precipitation-hardening stainless 

steels has not been reported. 

the precipitation-hardening stainless steels, welding conditions will have to be 

determined experimentally using conditions for other materials as a guide. 

Should it become desirable to pressure-gas weld 

BRAZING 

Success in the fabrication of brazed assemblies from the precipitation-hardening 

stainless steels is dependent on a knowledge of the characteristics of the parti- 

cular alloy being brazed. Rigid adherence to certain items of process control 

dictated by these characteristics is a necessity. Heat treatments vary widely for 

the precipitation-hardening stainless steels; consequently specific brazing pro- 

cedures are required for each of them. Brazing filler metals must be chosen for 
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compatibility with the desired heat treatments in addition to the end use pro- 

posed for the brazement. 

There are a large variety of brazing filler metals which can be used to braze 

the precipitation-hardening alloys. Selection of the proper filler metal for a 

particular base metal and application can be a most critical operation. In most 

cases the base metal alloy is chosen for its mechanical properties, resistance to 

oxidation or corrosion, and to utilize the high strength-to-weight structures 

possible with these alloys. Consequently, a brazing filler metal must meet the 

requirements imposed by the designer, be usable at temperatures amenable with the 

thermal treatments necessary for the base metal and must not adversely affect the 

base metal. The list of brazing filler metals which can be used on the stainless 

steels is almost unlimited. Commercial filler metals are available which contain 

copper, gold, silver, palladium, nickel, manganese, iron, and many other elements 

either as the base or as additional elements. Usually they are grouped according 

to their useful temperature and oxidation resistance. General purpose silver-base 

brazing alloys are suitable for service up to about 800 F, and the copper-manganese- 

nickel alloys can be used to around 1000 F. For temperatures above 1000 F the 

nickel-base brazing alloys are most commonly used but the alloys based on either 

gold or palladium are also widely used. Some typical brazing filler metal alloys 

for the precipitation-hardening stainless steels are listed in Tables XXIX and XXX. 

Cleanliness of all parts to be brazed and of the filler metal is extremely 

important to successful brazing. Any surface contaminant will inhibit wetting by 

the molten brazing filler metal and should be removed prior to assembly. In the 

case of most precipitation-hardening stainless steels the presence of aluminum/ 

and/or titanium also can inhibit brazing alloy flow. These elements form refractory 

oxides on the surface unless procedures are used which prevent their formation. 

These procedures may be copper or nickel plating the surface, or reducing the 

oxides to metal, or depletion of the titanium and aluminum from the surfaces, or  

brazing in a controlled atmosphere after very careful cleaning followed by minimum 

times before brazing. 
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TABLE XXIX. COMMONLY USED NOBLE METAL BRAZING ALLOYS FOR 
PRECIPITATION-HARDENING STAINLESS STEELS 

~- ..; - &OW t 
I 

rr Composition, w e i g h t  per cent L C . . . ~ * L ~ Z U T ~ ,  AMs I 
NL ,ab er n Au 2; c u  L i  Zn Cd Other 2 

I 
1 Ag 

45 

50 

56 

50 

35 

61.5 

60 

45 

72 

50 

40 

72 

54 

92.5 

54 

63 

75 

-- 
-- 

-- 
-- 

5 Sn 

3 N i  

c- 

14.5 I n  

10 Sn 

-- 
-- 
-- 

2 N i  

-- 
1 N i  

-- 
-- 

10 In 

0.5 Mn 

-- 
18 H i  

L- 

3 N i  

25 K i  

22 Hi 

3 -\i 

2 xi 

1145 

1175 

1205 

1270 

i295 

1305 

1325 

1370 

1400 

14.25 

1435 

1435 

15 75 

1635 

1742 

134 6 

2050 

1841 

i 742 

1666 

1877 

2050 

1899 

1886 

1697 

i 
! 

.. - 

1 
4 ; . ... :I 

-- 
.. I 

-- I 

I 
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TABLE XXIX. (Continued) 
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TABLE XXX. COMMONLY USED NICKEL-BASE BRAZING ALLOYS FOR 
PRECIPITATION-HARDENING STAINLESS STEELS 

-- 3.0-5.0 1.8-  3 . 5  -- Balance 1.OCo max, 0.5 C .-QX i 8 j r 2 - 2 1 5 -  4778 

-- -- -- -- Balance 11 P, 0.1C 17G.; - . 3 5 C  -- . 

-- -- Balance 0.1 C 210Ci-22Gi -- J 1 9  l o  
I 

. -  
I Brazing ! -  

c _  x p e r a t u r e  AX9 Cu,. ? a s i t i o n ,  weight  per c e n t  A_._. 

! 
! C r  S i  3 Fe  N i  - Other A ..;e , F Humber 
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Most b r a z i n g  methods such as t o r c h ,  i n d u c t i o n  o r  fu rnace ,  can b e  used on 

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels.  Methods which do n o t p r o t e c t  t h e  as- 

sembly d u r i n g  b r a z i n g  r e q u i r e  f l u x e s  and pose  subsequent  f l u x  removal problems. 

They may a l s o  produce weakened j o i n t s  due t o  entrapment of f l u x  r e s i d u e s .  Conse- 

quen t ly ,  a lmost  a l l  b raz ing  o p e r a t i o n s  on these a l l o y s  are c a r r i e d  o u t  i n  a 

p r o t e c t i v e  atmosphere. Dry, oxygen- free atmospheres t h a t  are used i n c l u d e  i n e r t  

gases ,  hydrogen, and vacuum. Atmospheres having dew p o i n t s  of -70 F o r  lower are 

necessary t o  prevent  o x i d a t i o n  of  t h e  base  metal d u r i n g  hea t ing .  

material should no t  be permi t t ed  i n  t h e  b r a z i n g  atmosphere o r  i n  t h e  fu rnace .  

Carbon i n  c o n t a c t  w i t h  t h e  brazement and carbonaceous atmospheres w i l l  c a r b u r i z e  

Carbonaceous 

the s t a i n l e s s  s t e e l .  C a r b u r i z a t i o n  decreases  t h e  s t r e n g t h  developed by later  

hardening t rea tments  (Ref. 14). When b r a z i n g  i n  i n e r t  atmospheres o r  vacuum t h e  

brazement should b e  i s o l a t e d  from carbonaceous materials by t h e  use  of a t h i n  

s t a i n l e s s  s tee l  " s l i p  sheet" .  S l i p  s h e e t s  should b e  d i sca rded  a f t e r  each use ,  

Dissoc ia ted  ammonia atmospheres should never b e  used w i t h  t h e  p r e c i p i t a t i o n -  

hardening s t a i n l e s s  s teels .  N i t r i d i n g  which r e s u l t s  from t h e  use  of d i s s o c i a t e d  

ammonia w i l l  lower t h e  mechanical  p r o p e r t i e s  of t h e s e  s tee ls .  

Addi t iona l  d e t a i l s  of b raz ing  procedures are determined by t h e  p a r t i c u l a r  base  

m e t a l  a l l o y ,  t h e  b raz ing  f i l l e r  metal, and t h e  in tended  s e r v i c e .  Producers of t h e  

materials be ing  used and t h e  publ ished l i t e r a t u r e  should be  consu l ted  f o r  d e t a i l s  

t h a t  may be  a p p l i c a b l e  t o  s p e c i f i c  a p p l i c a t i o n s .  J o i n t  p roper ty  d a t a  are no t  i n -  

cluded h e r e .  The publ ished l i t e r a t u r e ,  s t a n d a r d  handbooks and manuals can  be 

consu l ted  f o r  t h i s  d a t a .  

Appl ica t ions .  The manufacture of honeycomb s t r u c t u r a l  pane l s  and h y d r a u l i c  

systems f o r  superson ic  a i r c r a f t  are s i g n i f i c a n t  a p p l i c a t i o n s  of b r a z i n g  t o  t h e  

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s teels .  

P o r t i o n s  of t h e s e  a i r c r a f t  i n c l u d i n g  p a r t s  of  t h e  wings and engine n a c e l l e s  

are made from honeycomb s t r u c t u r e s  t o  o b t a i n  maximum s t r e n g t h  and minimum weight.  
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One of t h e  base  meta ls  used f o r  t h e s e  a p p l i c a t i o n s  i s  17-7 PH; ano the r  i s  

PH 15-7 Mo. Brazing of t h e s e  s t r u c t u r e s  i s  accomplished i n  a c o n t r o l l e d  atmos- 

phere of argon wi th  t h e  b r a z i n g  f i l l e r  metal and b r a z i n g  c y c l e  chosen t o  accomplish 

h e a t  t r ea tmen t  as p a r t  of t h e  b r a z i n g  c y c l e .  

i s  thoroughly covered i n  t h e  Brazing Manual (Ref. 76). 

of  b raz ing  and h e a t  t r e a t i n g  c y c l e  i s  o u t l i n e d  below: 

The technique as a p p l i e d  t o  17-7 PH 

A s a t i s f a c t o r y  combination 

(1) Braze 1625-1750 F f o r  10 minutes us ing  s t e r l i n g  s i l v e r  p lus  l i t h i u m  

braz ing  f i l l e r  metal (93 pe r  c e n t  Ag-7 p e r  c e n t  Cu p lus  L i )  

(2) Cool t o  1000 F w i t h i n  30 minutes 

(3) Cool t o  -100 F and hold  8 hours 

(4)  Harden t o  s p e c i f i e d  c o n d i t i o n  (TH1050 o r  RH950) (Ref. 1 4 ) .  

A s e c t i o n  of a r e t o r t  and t o o l i n g  used t o  produce s t a i n l e s s  s tee l  honeycomb s t r u c -  

t u r e s  i s  shown i n  F i g u r e  38 (Ref .  7 7 ) .  

The product ion of honeycomb s t r u c t u r e s  from PH 15-7 Mo t o  g i v e  minimum mechani- 

c a l  p r o p e r t i e s  of (UTS-225 k s i ,  0.2 pe r  c e n t  YS-200 k s i  and 4 pe r  c e n t  elonga-  

t i o n )  can  be accomplished w i t h  t h e  fo l lowing b raz ing  c y c l e  f o r  base  materials 

having a nominal th ickness  of 0 ,020 inch .  

(1) Braze a t  1640-1690 F f o r  10 minutes 

(2) Cool t o  1000 F i n  75 minutes 

(3)  Transform a t  -100 F f o r  8 hours 

(4) Harden a t  900 F f o r  8 hours (Ref. 14) .  

Other b r a z i n g  c y c l e s  can a l s o  be used t o  meet mechanical p roper ty  requirements .  

Brazing f i l l e r  metals can a l s o  be  a l t e r e d  t o  meet p a r t i c u l a r  requirements .  For 

example, dur ing t h e  f a b r i c a t i o n  of contoured sandwiches f o r  t h e  XB70 a i r c r a f t ,  

indium w a s  added t o  t h e  b a s i c  s i l v e r - c o p p e r  b raz ing  a l l o y  t o  reduce  t h e  thermal con- 

d u c t i v i t y ,  pa l ladium t o  c o n t r o l  t h e  mel t ing  t e m p e r a t u r e ,  l i t h i u m  t o  a c t  as a f l u x  

and promote w e t t i n g ,  and n i c k e l  powder t o  c o n t r o l  f low i n  contoured areas (Ref. 78) .  

F igure  39 shows t h e  lay-up o p e r a t i o n  f o r  XB70 s t r u c t u r e s  and F igure  40 i n d i c a t e s  

t h e  s i z e  and c o n f i g u r a t i o n  of some of t h e  panels .  
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Hydraul ic  systems f o r  o p e r a t i o n  a t  4000 p s i  and 450 F are f a b r i c a t e d  from 

AM-350 t u b i n g  and AM-355 f i t t i n g s  which are brazed.  The b r a z i n g  a l l o y  i s  t h e  

- e u t e c t i c  s i l v e r- c o p p e r  a l l o y  p l u s  l i t h i u m  (71.8Ag-28Cu-0.2Li) which m e l t s  a t  about: 

1500 P where i t  i s  not  necessary t o  h e a t  treat f o r  maximum p r o p e r t i e s  (Ref. 79). A 

similar s i l v e r - b a s e  b r a z i n g  f i l l e r  metal which melts a t  1710 F i s  used when h e a t  

t r ea tment  i s  r e q u i r e d .  A v a l v e  w i t h  f i t t i n g s  which are t o  be  brazed later t o  

AM-350 tub ing  i s  shown i n  F i g u r e  41. The b r a z i n g  f i l l e r  metal i s  preplaced.  J o i n t s  

i n  t h e  tub ing  are made by p l a c i n g  a p o r t a b l e  induc t ion- hea t ing  t o o l  around t h e  j o i n t  

and f i t t i n g .  Typical  j o i n t  des igns  are shown i n  F i g u r e  42 (Ref. 80). I n s p e c t i o n  

h o l e s  on t h e  chamfered p o r t i o n  of t h e  f i t t i n g s  permit  examination of b raz ing  

f i l l e r  metal f low. The j o i n t  is p r o t e c t e d  by a n  i n e r t  atmosphere dur ing  b raz ing .  

This i s  shown s c h e m a t i c a l l y  i n  F i g u r e  43. 

The n i c k e l  b r a z i n g  f i l l e r  metals which c o n t a i n  boron are wide ly  used f o r  j o i n-  

i n g  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels.  A s  i s  t h e  c a s e  when us ing  t h e s e  

f i l l e r  metals on o t h e r  base  metals c a u t i o n  must be e x e r c i s e d  t o  a s s u r e  t h e i r  

proper  use .  They have a tendency t o  d i s s o l v e  t h e  b a s e  m e t a l  and p e n e t r a t e  due t o  

d i f f u s i o n .  This  i s  most important  when b r a z i n g  t h i n  s e c t i o n s .  P roper ly  made 

j o i n t s  w i l l  be  as s t r o n g  as t h e  p a r t s  j o i n e d  and h i g h l y  o x i d a t i o n  and c o r r o s i o n  

r e s i s t a n t .  Some examples of assembl ies  made from 17-7 PH w i t h  a b r a z i n g  f i l l e r  metal 

having t h e  nominal composit ion 82Ni-4.5Si-2.9B-7.OCr-3Fe are shown i n  F igures  44 

and 45 (Ref. 81). 

J O I N T  QUALITY 

P r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s tee l  weldments may c o n t a i n  u n d e s i r a b l e  

f e a t u r e s  t h a t  w i l l  i n t e r f e r e  w i t h  proper  o p e r a t i o n  i n  s e r v i c e .  I n s p e c t i o n  t ech-  

niques  t h a t  w i l l  d e t e c t  such u n d e s i r a b l e  f e a t u r e s  must be used. For  many a p p l i c a-  

t i o n s  i t  i s  d e s i r a b l e  t o  determine t h e  causes  of t h e  u n d e s i r a b l e  f e a t u r e s  s o  proper  

remedial  and r e p a i r  procedures  can be i n i t i a t e d .  
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LTu be 

Brazing sleeve 

I I 
Plenum chamber- 
closeout and 
alignment fixture 

FIGURE 4 3 .  BRAZED JOINT FOR B-70 HYDRAULIC SYSTEM, 
ILLUSTRATING TOOLING USED DURING BRAZING 
(Ref. 78) 
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FIGURE 45. THESE TUBES ARE ABOUT 20 INCHES LONG 
AND 8 INCHES I N  DIAMETER WITH A WIRE 
HELIX EXTENDING THE LENGTH OF THE TUBE. 

Both tube  and w i r e  are  made of 1 7- 7  PH, 
brazed w i t h  a n icke l- base  f i l l e r  metal. 
P a r t  w a s  hardened a f t e r  b r a z i n g  and 
t h e r e  w a s  no evidence of c rack ing  o r  e m-  
b r i t t l e m e n t .  (Ref. 81) 
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INSPECTION 

P r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s tee l  weldments are inspec ted  u s i n g  

methods similar t o  those  used f o r  conven t iona l  s t a i n l e s s  s tee l  weldments. Non- 

d e s t r u c t i v e  i n s p e c t i o n s  are almost always performed b u t  d e s t r u c t i v e  i n s p e c t i o n  

g e n e r a l l y  i s  performed o n l y  o c c a s i o n a l l y  on completed product  j o i n t s .  

o f t e n  necessa ry  and d e s i r a b l e  t o  check changes i n  dimensions that may have re- 

s u l t e d  from welding.  

t h i s  purpose may a l s o  i n c l u d e  checks of  we ld- jo in t  p r o f i l e  and measurements o f  t h e  

weld th ickness .  Various i n s p e c t i o n  procedures  a l s o  are used t o  i n s u r e  t h a t  t h e  

j o i n t s  produced are of  s a t i s f a c t o r y  q u a l i t y .  The most commonly used techniques  

i n  t h i s  area i n c l u d e  v i s u a l ,  dye p e n e t r a n t ,  and X-ray techniques .  Various types  

of l e a k  tests are a l s o  used on components designed t o  c o n t a i n  gases  o r  f l u i d s .  

It i s  

The v i s u a l -  and measurement-type i n s p e c t i o n s  performed f o r  

DEFECTS 

The d e f i n i t i o n  of  j o i n t  d e f e c t s  i s  a r b i t r a r y .  Many years  of exper ience  

have been gained w i t h  welding codes and s p e c i f i c a t i o n s  t h a t  e i t h e r  p r o h i b i t  o r  

a l l o w  c e r t a i n  f e a t u r e s  c h a r a c t e r i z e d  as d e f e c t s .  F e a t u r e s  recognized as d e f e c t s  

are g e n e r a l l y  l i m i t e d  i n  accordance w i t h  c o n s e r v a t i v e  p r a c t i c e s .  This approach 

t o  d e f e c t s  has  been q u i t e  s u c c e s s f u l  i n  t h e  p a s t ,  but  i s  of some concern when 

d e a l i n g  w i t h  many of t h e  newer materials be ing  used i n  v a r i o u s  types  of  f a b r i c a t i o n .  

This concern is  based on t h e  b e l i e f  t h a t  t h e  removal of  c e r t a i n  types  of  f e a t u r e s  

c l a s s i f i e d  as nonallowable d e f e c t s  o f t e n  r e s u l t s  i n  more damage t o  t h e  s e r v i c e -  

a b i l i t y  of a s t r u c t u r e  than  t h e  damage t h a t  p o t e n t i a l l y  might have been done by 

a l lowing t h e  f e a t u r e  t o  remain. 

c e r t a i n  f e a t u r e s  i s  based on t h i s  f e e l i n g ,  no t  on a d e s i r e  t o  make t h e  welding job  

easier . 

The r e l u c t a n c e  o f  many welding eng ineers  t o  r e p a i r  

The f a b r i c a t i o n  of  d e f e c t - f r e e  welds i s  h i g h l y  dependent on t h e  q u a l i t y  

requirements  of a p p l i c a b l e  s p e c i f i c a t i o n s  and on t h e  i n s p e c t i o n  methods t h a t  are 
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used. For  example, h a r d l y  any welding code, o r  s p e c i f i c a t i o n  a l lows  c racks  i n  a 

weld. However, cracked welds c a n  and do g e t  i n t o  service i f  inspeFt ion  methods 

t h a t  w i l l  i n s u r e  d e t e c t i n g  a l l  c r a c k s  p r e s e n t  i n  a weld are n o t  r e q u i r e d  and 

used. 

The on ly  r e l i a b l e  way t o  determine what weld f e a t u r e s  are t r u l y  d e f e c t s  i s  

t o  e v a l u a t e  t h e  e f f e c t s  of such f e a t u r e s  i n  a test program, Such a n  e v a l u a t i o n  

must i n c l u d e  tests t h a t  are r e p r e s e n t a t i v e  of t h e  service c o n d i t i o n s ,  Many de-  

f e c t l i k e  weld f e a t u r e s  have no e f f e c t  on t h e  s t a t i c - t e n s i o n  p r o p e r t i e s  of t h e  weld. 

However, t h e s e  same f e a t u r e s  may be  found t o  degrade performance s e r i o u s l y  i n  a 

f a t i g u e  test  . 
With t h e  knowledge c u r r e n t l y  a v a i l a b l e  about  t h e  performance of f u s i o n  

weldments, a c o n s e r v a t i v e  eng ineer ing  approach t o  d e f e c t s  should b e  followed. 

Typical  arc-weld f e a t u r e s  t h a t  are  sometimes c l a s s i f i e d  as d e f e c t s  are shown i n  

F i g u r e  4 6 .  

Poros i ty .  Data on p o r o s i t y  i n  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels 

is  lack ing .  However, measures t o  c o n t r o l  c l e a n l i n e s s  and employment of good 

welding techniques  can reduce t h e  occur rence  of p o r o s i t y .  Some f a c t o r s  known 

t o  cause  p o r o s i t y  i n  welds inc lude :  

(1) Improper f i l l e r  metals ( 4 )  I n s u f f i c i e n t  s h e e t  th ickness  

(2 )  I n c o r r e c t  arc l e n g t h  (5) A i r  i n  s h i e l d i n g  gas  

( 3 )  Low welding speed ( 6 )  Mosture. 

DEFECTS I N  RESISTANCE WELDS 

C h a r a c t e r i s t i c s  desc r ibed  as d e f e c t s  i n  r e s i s t a n c e  welds are d i f f i c u l t  t o  

assess. Defects  i n  r e s i s t a n c e  welds are g e n e r a l l y  subdivided i n t o  e x t e r n a l  and 

i n t e r n a l  d e f e c t s .  With t h e  e x c e p t i o n  of  c r a c k s  t h a t  are exposed t o  t h e  e x t e r i o r  of 

t h e  s h e e t s  and t h a t  are  obviously  u n d e s i r a b l e ,  t h e  remaining e x t e r n a l  d e f e c t s  are 
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FIGURE 46. ARC-WELD DEFECTS 
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probably considered as such because they  are i n d i c a t i v e  t h a t  t h e  welding c o n d i t i o n s  

may not  have been e x a c t l y  r i g h t .  E x t e r n a l  d e f e c t s  i n  t h i s  ca tegory  are s h e e t  

s e p a r a t i o n ,  s u r f a c e  p i t s ,  metal expu l s ion ,  t i p  pickup,  and excess ive  i n d e n t a t i o n .  

With i n t e r n a l  d e f e c t s ,  c racks  are obviously  u n d e s i r a b l e ,  bu t  t h e r e  i s  ve ry  l i t t l e  

evidence t h a t  p o r o s i t y  i n  minor amounts is harmful t o  p r o p e r t i e s .  

t r u e  of either i n s u f f i c i e n t  o r  e x c e s s i v e  penekra t ion .  Typical  d e f e c t s  i n  r e s i s t a n c e  

s p o t  and seam welds and t h e i r  causes  are given i n  F i g u r e  47  (Ref. 82). 

The same i s  

Another f e a t u r e  t h a t  has  been exper ienced w i t h  A-286 a l l o y  i s  a phenomenon 

known as "coring" o r  " i n c i p i e n t  melt ing" .  This  type  of f e a t u r e ,  shown i n  F igure  48,  

may resemble small c racks  i n  the p lane  of t h e  s h e e t  extending from t h e  edge of 

t h e  weld nugget toward the unaf fec ted  base  metal. These f e a t u r e s  are r e p o r t e d  

t o  be reg ions  a long  g r a i n  boundaries i n t o  which metal melted dur ing  welding had 

flowed and subsequent ly  s o l i d i f i e d  (Ref. 45). C e n t r a l  c rack ing  i n  a n  A-286 s p o t  

weld a l s o  i s  shown i n  F igure  48.  I n c r e a s e s  i n  e l e c t r o d e  f o r c e  and i n  weld t i m e  

reduce  the l i k e l i h o o d  of i n t e r n a l  c rack ing  (Ref. 83) .  

Work c a r r i e d  o u t  on seam welding (Ref. 83) has shown t h a t :  

(1) One of t h e  most common causes  of i n t e r n a l  c racks  and p o r o s i t y  i s  

i n c o r r e c t  weld spac ing .  Where s u c c e s s i v e  weld nuggets are t o o  

c l o s e ,  c racks  are o f t e n  formed where they over lap .  

(2)  Slower welding speeds on longer  weld and cool  times can be used 

t o  reduce  cracking.  

(3 )  Continuous- current  seam welding e l imina te s  c rack ing .  

DISSIMILAR METALS 

A t  t i m e s  i t  becomes necessary  t o  j o i n  t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  

steels t o  a l l o y s  of similar m e t a l l u r g i c a l  c h a r a c t e r i s t i c s  b u t  d i f f e r e n t  composi- 

t i o n s .  It can a l s o  be  d e s i r a b l e  t o  j o i n i n g  t h e s e  steels t o  o t h e r  metals o r  a l l o y s  

which are e n t i r e l y  d i f f e r e n t  i n  a l l  r e s p e c t s .  

methods f o r  making such d i s s i m i l a r  metal j o i n t s .  

Welding and b r a z i n g  are p r e f e r r e d  
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a4 STAINLESS SI'EEL FABRfCATION 

TYPICAL DEFECTS FOUND IN SEAM WELDING .AUSTENITIC STAINLESS SlEELS AND 
PREVALENT CAUSES 

FOR THEIR oCCURRENCe IN ORDER OF THEIR IMPORTANCE 
A-MATERIALS OF EQUAL THICKNESS 

IDEAL NUGGET 
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FIGURE 47. CONMON DEFECTS I N  RESISTL"CE SPOT AND 
SEAM WELDS AND THEIR CAUSES 

P r e v a l e n t  c a u s e s  i n  o r d e r  of impor tance .  
C o u r t e s y  of  Al legheny  Ludlum S t e e l  C o r p o r a t i o n .  
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JOINING OPERATIONS -_ M--- 
TYPICAL DEFECTS FOUND IN SEAM WELDING AUSTENITIC STAINLESS =EELS AND 

PREVALENT CAUSES 
FOR THEIR OCCURRENCE IN ORDER OF THEIR IMPORTANCE 

B-MATERIALS OF UNEQUAL THICKNESS 

IDEAL NUGGET 
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FIGURE 47. (Continued) 
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FIGURE 4 8 .  INCIPIENT MELTING AND CENTRAL CRRCKS I N  
SPOT-WELDED A- 286 ALLOY SIIEETS 
( R e f .  45) 
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The d i f f i c u l t i e s  which may ar ise  when j o i n i n g  d i s s i m i l a r  metals depend 

mainly on t h e  composi t ion d i f f e r e n c e  between t h e  metals t o  b e  j o i n e d .  I f  t h e y  

are similar as i n  t h e  case of  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels t o  t h e  

3 0 0- s e r i e s  s t a i n l e s s  steels t h e  problems w i l l  n o t  b e  g r e a t  i f  good weld ing  p r a c t i c e  

i s  used.  I f  t h e y  are w i d e l y  d i f f e r e n t  as i n  t h e  case of  j o i n i n g  p r e c i p i t a t i o n -  

harden ing  s t a i n l e s s  steels t o  aluminum many problems may be encountered which 

resu l t  from t h e  fo rmat ion  of b r i t t l e  phases .  

b i t  i n f e r i o r  mechanical  p r o p e r t i e s .  

Most o f  t h e s e  b r i t t l e  phases  e x h i-  

Welding of t h e s e  j o i n t  sys tems u s u a l l y  r e s u l t s  

i n  a t e c h n i q u e  which does  n o t  m e l t  t h e  s t a i n l e s s  s teel  and t h e  r e s u l t a n t  j o i n t  i s  

e s s e n t i a l l y  a b r a z e  weld. 

b r a z i n g  o r  d i f f u s i o n  welding when proper  j o i n t  p r e p a r a t i o n s  are used.  J o i n t  

p r e p a r a t i o n  o f t e n  i n c l u d e s  p r e c o a t i n g  one o r  b o t h  o f  t h e  b a s e  metals o r  t h e  i n -  

Such wide ly  d i f f e r e n t  a l l o y s  c a n  a l s o  b e  j o i n e d  by 

c l u s i o n  o f  a t h i r d  metal. 

When GTA o r  GMA weld ing  a p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  s teel  t o  o t h e r  

s imilar  a l l o y s ,  f o r  example, 17- 7 PH t o  AM-350 o r  17- 7 PH t o  I n c o n e l  X ,  t h e  s t a n -  

d a r d  p r a c t i c e ,  i n c l u d i n g  p r e p a r a t i o n s  and p r e c a u t i o n s ,  i s  t h e  same as when welding 

t h e  a l l o y  t o  i t s e l f .  The major requ i rement  i s  t h a t  a f i l l e r  metal be used which 

i s  compat ib le  w i t h  b o t h  a l l o y s  and produces  j o i n t s  w i t h  adequa te  mechanical  p roper-  

t ies .  H a s t e l l o y  W has  been used wide ly  as a f i l l e r  metal f o r  welding t h e s e  d i s -  

similar combinat ions .  It w a s  developed f o r  t h i s  purpose .  Its compos i t ion  

p rov ides  a n . i d e a 1  matrix when used t o  weld many d i f f e r e n t  d i s s i m i l a r  h a r d e n a b l e  

a l l o y  combinat ions .  

Electron-beam welding has  been used t o  weld t h e  p r e c i p i t a t i o n - h a r d e n i n g  

s t a i n l e s s  s teels  t o  o t h e r  a l l o y s .  Th i s  is done t o  t a k e  advan tage  of t h e  minimum 

e f f e c t s  o f  t h e  weld on t h e  b a s e  metals and a l s o  r e d u c e  c o s t s .  

t u r b i n e  mheel shown i n  F i g u r e  49. High- temperature  r e s i s t a n t  n i c k e l- b a s e  t u r b i n e  

b l a d e s  are welded t o  a h e a t - t r e a t e d  A-286 d i s c .  The mechanical  p r o p e r t i e s  o f  t h e  

An example i s  t h e  

f a b r i c a t e d  wheel components were no t  s i g n i f i c a n t l y  a f f e c t e d .  Electron-beam welding 
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FIGURE 49. ELECTRON-BEAM-WELDED BIMETAL TURBINE WHEEL 
( R e f .  84)  
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(02 - a,) 
a CD, in. (= Win./in./ F) 

-9 
- 8  
-7 
-6- 
-5: 

-4 7 

1800- 

- 

sample problem 
-2-  

1100- 

1000- 

900- Given: O =  2-1/2" 

- Sample problem : 

-I A 

A t  = 1180 F 
( a 2 - Q 1 ) = - 3 . 0 x  

AC = -0.009in. 
Solution: 

NOTES: 

( I  1 This nomograph gives change in diameter coused by heating. Clearance 
to promote brazing filler metal flow must be provided at brazing temp. 

(2 )  D = nominal diameter of joint, inches 

CD = change in clearance, inches 
T = brazing temp minus room temp, F 
(21 = meon coefficient of thermal expansion, male member, in./in./deq F 
Q12= mean coefficient of thermal expansion, female member, in./in. /deg F 

(3) This nomograph assumes a cose where Ql exceeds a2, so thot scale value 
for ((22 -a I 1 is negative. Resultont values for ACD are therefore also negative, 
signifying thot the joint gap reduces upon heating. Where (a2 - Q I  1 is pos5- 
t ive, values of ACDOre read as positive, signifying enlargement of the joint 
gap upon heatmg 

FIGURE 50. NOMOGRAPH FOR F I N D I N G  THE CWNGE I N  DIAMETRAL 
CLEARANCE I N  J O I N T S  OE- .DISSIMILAR METALS FOR A 
VARIETY O F  BRAZING SITUATIONS ( R e f .  72) 
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can a l s o  be  used t o  j o i n  t h e  p r e c i p i t a t i o n - h a r d e n i n g  s t a i n l e s s  steels t o  o t h e r  

n i c k e l- b a s e  a l l o y s ,  m a r t e n s i t i c  s t a i n l e s s  steels, and o t h e r a l l o y s .  D u c t i l i t y  of 

c t h e  j o i n t  w i l l  u s u a l l y  b e  e q u i v a l e n t  t o  t h a t  of t h e  least  d u c t i l e  j o i n t  component. 

Braz ing  i s  perhaps  t h e  most s a t i s f a c t o r y  method f o r  making j o i n t s  between t h e  

p r e c i p i t a t i o n - h a r d e n i n g  s t a i n l e s s  steels and o t h e r  a l l o y s .  A f t e r  p roper  c o n s i d e r a-  

t i o n  is  g i v e n  t o  t h e  h e a t  treatments r e q u i r e d ,  t h e  p roper  c h o i c e  of b r a z i n g  f i l l e r  

metal t o  s u i t  t h e s e  t r e a t m e n t s  and c o m p a t i b i l i t y  w i t h  b o t h  j o i n t  p a r t s ,  t h e  

t echn iques  used are t h e  same as f o r  most metals. A v e r y  impor tan t  f a c t o r  t o  b e  

c o n s i d e r e d  when b r a z i n g  d i s s i m i l a r  metals i s  t h e  d i f f e r e n c e  i n  the rmal  expansion 

between then .  J o i n t s  must b e  des igned  so t h a t  t h e  c l e a r a n c e  between p a r t s  a t  

b r a z i n g  t empera tu re  w i l l  promote c a p i l l a r y  f low of t h e  b r a z i n g  a l l o y .  

nomograph, F i g u r e  50, w i l l  ass is t  i n  c a l c u l a t i n g  t h e  p roper  c l e a r a n c e s .  The 

c o e f f i c i e n t  of expansion o f  some metals and a l l o y s  of i n t e r e s t  are g iven  i n  

Table  XXXI; d a t a  f o r  o t h e r  a l l o y s  c a n  be  found i n  s t a n d a r d  handbooks. The u s e f u l  

b r a z i n g  f i l l e r  metals w e r e  g iven  i n  Tables  X X I X  and XXX. 

The 

Cor ros ion  r e s i s t a n c e  should a l s o  b e  a n  impor tan t  c o n s i d e r a t i o n  when choosing 

t h e  d e s i g n ,  material and b r a z i n g  f i l l e r  metal f o r  d i s s i m i l a r  metal j o i n t s .  The 

s u b j e c t  i s  t o o  complex f o r  coverage i n  t h i s  r e p o r t .  Cor ros ion  handbook d a t a  are 

no t  always d i r e c t l y  a p p l i c a b l e  t o  brazed assembl ies  due t o  t h e  d i s s i m i l a r  metal 

c o r r o s i o n  coup les  invo lved .  Unless d i r e c t l y  r e l a t i ve  d a t a  are a v a i l a b l e ,  l a b o r a -  

t o r y  s t u d i e s  shou ld  be  used to  e s t a b l i s h  t h e  f e a s i b i l i t y  of a p a r t i c u l a r  j o i n t  

sys tem i n  a p a r t i c u l a r  c o r r o s i v e  environment.  

I n  g e n e r a l ,  technology which i s  a p p l i c a b l e  t o  t h e  b r a z i n g  of t h e  Type 300- 

series s t a i n l e s s  steels t o  u n l i k e  metals is  a p p l i c a b l e  t o  s imi lar  j o i n t s  i n  t h e  

p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels. There must always b e  a n  awareness t o  

t h e  e f f e c t s  o f  t h e  b r a z i n g  thermal  t r e a t m e n t s  on t h e  p r o p e r t i e s  of t h e  p r e c i p i t a t i o n -  

harden ing  a l l o y ,  however. 
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TABLE =I. COEFFICIENT OF T H E W L  EXPANSION OF SOME COMMON ALLOYS 

Alloy 
Coefficient of Expansion 

(32- 212 F) in/in/F 

Type 302 stainless steel, annealed and cold rolled 

Type 304L stainless steel, annealed 

Type 321 stainless steel, anpe-aled and cold rolled 

8.0  

8.0 

8.3 

Type 410 stainless steel, annealed and heat treated 5.1  

AM-350, solution treated and hardened 6.8 

15-7 Mo, Condition TH 1050 6 . 1  

17-7 PH, Condition TH 1050 6 . 1  

A- 286,  solution treated, quenched and aged 9.4 

AISI 4340 steel, annealed 6.3 

AISI 1020 steel, annealed 6.5 

Red 41 7 .5  

Inconel, annealed 6.4 

Inconel X, annealed 7.6 

Nickel 7.2  

Aluminum 13.1  

Tungsten, sintered 2.2 

Molybdenum, 112% Ti, stress relieved 3.4  

Tantalum, annealed 3.6  

Columbium, annealed 4.0 

Titanium, commercially pure 4.7 
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CONCLUSIONS AND RECOMMENDATIONS 

The p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels can  b e  welded by most we ld ing  
4 

p r o c e s s e s .  

t echn ique ,  c l e a n l i n e s s ,  e tc . ,  h i g h- q u a l i t y  h i g h- s t r e n g t h  j o i n t s  c a n  b e  r e a d i l y  

With p roper  a t t e n t i o n  t o  h e a t  t r e a t m e n t ,  f i l l e r  metal c h o i c e ,  we ld ing  

produced i n  most a l l o y s .  

Fus ion  welding o f  t h e  p r e c i p i t a t i o n- h a r d e n i n g  s t a i n l e s s  steels r e s u l t s  i n  a 

weld metal and h e a t - a f f e c t e d- z o n e  m i c r o s t r u c t u r e  c o n t a i n i n g  s t a b l e  a u s t e n i t e .  

Research and development s t u d i e s  are needed which w i l l  show b e s t  how t o  c o n t r o l  

t h e  fo rmat ion  of s t a b l e  a u s t e n i t e .  I n  t h i s  way welds w i t h  p r o p e r t i e s  more n e a r l y  

approximat ing t h o s e  of t h e  b a s e  metal cou ld  b e  o b t a i n e d  w i t h o u t  r e s o r t i n g  t o  complete 

postweld h e a t  t r e a t m e n t s .  

It i s  a l s o  d i f f i c u l t  t o  deve lop  f u l l  s t r e n g t h s  i n  t h e  weld metal because  t h e  

m i c r o s e g r e g a t i o n  encountered i s  d i f f i c u l t  t o  homogenize. Research i s  needed on t h e  

i n f l u e n c e  of welding c o n d i t i o n s  on m i c r o s e g r e g a t i o n  i n  p r e c i p i t a t i o n - h a r d e n i n g  

s t a i n l e s s  s tee l  weld metals. 

P r e c i p i t a t i o n - h a r d e n i n g  s t a i n l e s s  s teels  are d i v i d e d  i n  t h r e e  d i f f e r e n t  

classes o r  types :  m a r t e n s i t i c  ( S t a i n l e s s  W,  17-4 PH, 15-5 PH), S e m i a u s t e n i t i c  

(17-7 PH, PH 15-7 Mo, AM-350, AM-355), and A u s t e n i t i c  (A-286, 17-10P, HNM). I n  

g e n e r a l ,  t h e  welding of t h e s e  a l l o y s  becomes i n c r e a s i n g l y  d i f f i c u l t  as t h e  a l l o y  

c o n t e n t  i n c r e a s e s .  The PH steels (lower a l l o y )  s teels  p r e s e n t  fewer  problems t h a n  

t h e  a u s t e n i t i c  x t e e l s  such  as A-286. A-286 w i l l  t o l e r a t e  few v a r i a t i o n s  from t h e  

e s t a b l i s h e d  p rocedures .  

MARTENSITIC PRECIPITATION-HARDENING STAINLESS STEELS 

I n  g e n e r a l  t h e s e  steels have e x c e l l e n t  w e l d a b i l i t y .  They are n o t  c r a c k  s e n s i -  

t i ve  on c o o l i n g  because  of t h e  low carbon  c o n t e n t ,  nor  are they  s u s c e p t i b l e  t o  t h e  

h o t  c r a c k i n g  as a s s o c i a t e d  w i t h  o t h e r  copper- bear ing  s t a i n l e s s  steels.  When weld-  

i n g  c a s t i n g s ,  a t t e n t i o n  must be p a i d  t h e  composi t ion because  h o t  c r a c k i n g  may b e  
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encountered. 

structure. The 17-4 PH steel casting alloy should contain only 3 percent copper 

This cracking has been attributed to microheterogenity in the casting 

as compared to 4 percent copper for wrought products. Hot cracking due to carbon > 

may be encountered when welding the martensitic steels to carbon or low-alloy 

steels. Recommended welding techniques for these joints are those which minimize 

dilution of the weld metal. 

Preheating and postweld heat treatments are not essential, Preheating is 

beneficial when welding heavy sections or when joints are made under restraint. 

Some martensitic alloys do not possess great ductility or toughness. Conse- 

quently the foremost precaution necessary when designing, making and using welded 

joints is to avoid notches which may initiate cracking. 

Since response to heat treatment is very dependent on the alloy composition, 

serious attention must be paid filler metal choice, joint fitup, joint cleanliness, 

and other technique variables which may cause composition changes. It should also 

be mentioned that composition variations within specification limits may also af- 

fect the heat-treatment schedules used. Close liaison with the steel producer 

is recommended to develop the proper heat-treatment variations to produce weldments 

of maximum utility. 

There are no recommendations for research on the martensitic precipitation- 

hardening stainless steels which are not covered by the general areas covered above. 

SEMIAUSTENITIC PRECIPITATION-HARDENING STAINLESS STEELS 

Much of what has been said of the techniques and recommended welding practices 

for the martensitic type steels is also applicable to the semiaustenitic type. 

The 17-7 PH alloy is the most common of the semiaustenitic types. It is 

most often welded in sheet metal thicknesses and in this form requires no unusual 

welding procedures. Preheating and posting are not required. 

available to meet most final strength needs. 

filler metal, problems may be encountered in meeting ductility and toughness re- 

Filler metals are 

When welding without the use of a 
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quirements. Nitrogen is recommended as a shielding gas additive to overcome hot- 

cracking and ductility problems on single-pass welds. 

nitrogen is used on multipass welds. 

Porosity can result if 

. 

Aluminum-bearing alloys require technique development to overcome surface films 

on the surface of the weld pool. With proper techniques these films do not hurt 

weld properties or prevent good welds. The use of alternating welding currents 

and an inert-gas shield of eitherhelium or a helium-argon mixture is recommended. 

Careful control of voltage current, gas flow, and especially travel speed can 

also minimize the formation of surface films. 

When resistance welding 17-7 PH sheet materials, material preparation (clean- 

ing ) should be carefully contrdlled. Poorly cleaned surfaces cause excessive metal 

expulsion, porosity, and electrode sticking. The best properties are obtained when 

resistance welds are made just before or after the final hardening treatment. 

The PH 15-7 Mo alloy requires more attention to welding procedures than other 

semiaustenitic alloys. 

precise control of filler metal compositions and welding operations are a necessity. 

Special helium-nitrogen gas mixtures are necessary to properly weld PH 15-7 Mo 

without filler metal addition. 

If ductile welds are required at high strength levels very 

The general recommendations made at the beginning of this section are applicable 

to the semiaustenitic precipitation-hardening stainless steels. 

AUSTENITIC PRECIPITATION-HARDENING STAINLESS STEELS 

It has been indicated that the austenitic alloys are the most difficult of 

the precipitation-hardening classes to weld. A-286 is the most common of these. 

In thin sections and in the absence of restraint, it is not difficult to weld. 

A-286 in heavy gages is classed as a difficult-to-weld alloy. 

thicknesses below 0.25 inch. 

due to eutectic melting at the grain boundaries, in the temperature range 1150- 

1350 F. 

Troubles begin at 

Hot cracking is the result of a loss of ductility, 

I 

Low heat inputs and minimum restraint on cooling are recommended to 
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minimize cracking. 

ent filler metal. Heat-affected-zone cracking has been the subject of much research 

and more is recommended. A basic study of the causes of heat-affected-zone cracking 

in heavy gage A-286 steel is recommended. 

this subject would be in a basic study of the mechanism of heat-affected-zone crack- 

ing. 

Weld cracking when encountered may be stopped using a differ- 

The most fruitful area for research on 

There is also a need for continued development of filler metals for alloys such 

as A-286 which more nearly equal the composition of the base metal and do not cause 

cracking. 

Welding procedures and limitations which are recommended for the austenitic 

precipitation-hardening alloy A-286 are: 

(1) Weld in the solution-treated condition. Do not weld or repair weld 

the hardened alloy. 

(2) Weld carefully cleaned joints only. Clean between passes. 

( 3 )  Use multipass welds and high travel speeds when welding heavy gages. 

( 4 )  Avoid all restraint if possible. 

(5) Use butt welds wherever possible, metal-to-metal fitup and careful 

alignment. 

Use inert-gas arc welding with automatic voltage control. (6) 

Other austenitic alloys, 17-1OP and "M, are even more difficult to weld. Under- 

bead cracking due to the high phosphorus content is almost impossible to overcome. 

Research is needed to develop good weldability in these alloys which have a combin- 

ation of properties for certain specific applications. The microsegegration problem 

is acute in these alloys and should be included as part of any future research as 

recommended previously. \ They were developed for use where good strength and low 

magnetic permeability are required. 
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WELDING PROCES S ES 

Welding p r o c e s s e s  t h a t  have been used f o r  j o i n i n g  p r e c i p i t a t i o n- h a r d e n i n g  

s t a i n l e s s  steels are d e s c r i b e d  b r i e f l y  i n  t h e  fo l lowing .  These p r o c e s s e s  are 

d e s c r i b e d  i n  c o n s i d e r a b l e  a d d i t i o n a l  d e t a i l  i n  t h e  p u b l i s h e d  l i t e r a t u r e  (Refs. 

26, 85). 

SHIELDED METAL ARC 

Shie lded  metal-arc weld ing  i s  u s u a l l y  done manually.  The h e a t  r e q u i r e d  t o  

m e l t  t h e  f i l l e r  m e t a l  and j o i n t  edges  is produced by a n  arc  between a covered 

e l e c t r o d e  and t h e  work, The e l e c t r o d e  i s  composed of a metal rod  coa ted  w i t h  

materials which when h e a t e d  by t h e  a r c  produce (1) a gas  which s h i e l d s  t h e  arc 

area from t h e  atmosphere,  (2)  promotes e l ec t r i ca l  conduc t ion  a c r o s s  t h e  arc,  

(3 )  produces s l a g s  which r e f i n e  t h e  mol ten poo l ,  p r o v i d e  some p r o t e c t i o n  from 

t h e  atmosphere,  and add a l l o y i n g  e lements ,  and ( 4 )  p r o v i d e  materials f o r  c o n t r o l -  

l i n g  bead shape.  F i g u r e  A - 1  i s  a s k e t c h  which shows t h e  b a s i c  o p e r a t i o n  of th i s  

p r o c e s s .  

GAS TUNGSTEN-ARC WELDING 

I n  t h i s  p r o c e s s ,  which may b e  used manually o r  w i t h  au tomat ic  equipment,  t h e  

h e a t  t o  m e l t  b o t h  f i l l e r  metal and j o i n t  edges  i s  produced by a n  arc between a 

t u n g s t e n  (nonconsumable) e l e c t r o d e  on t h e  work. A s h i e l d  of p r o t e c t i v e  g a s  s u r -  

rounds t h e  arc and weld r e g i o n .  F i l l e r  metal may o r  may n o t  be  added t o  t h e  weld. 

I f  i t  i s ,  i t  is  n o t  normal ly  a p a r t  of t h e  arc c i r c u i t  and is  c a l l e d  a "cold w i r e "  

a d d i t i o n .  The p r o c e s s  i s  o f t e n  c a l l e d  t h e  GTA o r  TIG p r o c e s s .  

Argon, hel ium,  o r  a m i x t u r e  of the two g a s e s  are used f o r  s h i e l d i n g  a g a i n s t  

t h e  atmosphere.  These g a s e s  are c h e m i c a l l y  i n e r t ,  t h e y  do n o t  react w i t h  o t h e r  

materials, Argon is  more e x t e n s i v e l y  used t h a n  hel ium.  

F i g u r e  A- 2  i s  a s k e t c h  o f  a gas  t u n g s t e n- a r c  sys tem.  
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GAS METAL-ARC WELDING 

I n  this  p r o c e s s ,  i t  i s  used b o t h  manually and w i t h  a u t o m a t i c  equipment; t h e  

. h e a t  t o  m e l t  f i l l e r  metal and t h e  j o i n t  edges  i s  produced by a n  arc between a metal 

w i r e  (consumable) e l e c t r o d e  and t h e  work. A r c  and weld are s h i e l d e d  from t h e  a t -  

mosphere by a s h i e l d  o f  p r o t e c t i v e  gas .  

(about  0.035 t o  0.065 i n  d i a m e t e r  f o r  s t a i n l e s s  steel) w i t h  no c o a t i n g .  The 

process  i s  o f t e n  c a l l e d  t h e  GMA o r  MIG p r o c e s s .  

The e l e c t r o d e  i s  a smal l- d iamete r  w i r e  

Argon, hel ium,  argon-hel ium mix tures ,  and argon-oxygen mix tures  are  a l l  used 

f o r  s h i e l d i n g  g a s e s .  Argon w i t h  1 or 2% oxygen is  g e n e r a l l y  used w i t h  s t a i n l e s s  

steels. F i g u r e  A-3 i s  a s k e t c h  of a gas  metal-arc welding system. 

SUBMERGED ARC WELDING 

The h e a t  t o  m e l t  t h e  f i l l e r  metal and j o i n t  edges  i s  o b t a i n e d  from a n  arc 

between a base- meta l  e l e c t r o d e  o r  e l e c t r o d e s  and t h e  work. The arc and weld zone 

is  s h i e l d e d  by a b l a v k e t  o f  f l u x  which c o v e r s  t h e  j o i n t  and t h e  end of t h e  e l e c t r o d e .  

The arc is  b u r i e d  benea th  t h e  f l u x .  The f l u x  i s  a g r a n u l a r  minera l  m a t e r i a l  whose 

composi t ion and p r o p e r t i e s  are des igned  t o :  

(1) Prov ide  p r o t e c t i o n  from t h e  a i r  d u r i n g  welding.  

(2 )  P rov ide  materials t o  d e o x i d i z e  and a l l o y  t h e  weld metal. 

(3)  Prov ide  (when mel ted)  a c o n d u c t i v e  p a t h  f o r  t h e  welding c u r r e n t .  

( 4 )  Prov ide  a s l a g  which molds t h e  s u r f a c e  o f  t h e  weld.  

Genera l ly ,  a n  amount of f l u x  abou t  e q u a l  t o  t h e  we igh t  of f i l l e r  w i r e  i s  mel ted 

d u r i n g  t h e  we ld ing  o p e r a t i o n .  It i s  t h i s  melted p o r t i o n  of t h e  f l u x  which 

accomplishes  most of t h e  a c t i o n s  l i s t e d  above.  The unmelted p o r t i o n  of t h e  f l u x  

i s  picked up by vacuum c l e a n i n g  equipment and r e c i r c u l a t e d  t o  t h e  weld head.  

F i g u r e  A-4 i s  a s k e t c h  which shows t h e  d e t a i l s  of t h i s  p rocess .  

PLASMA-ARC WELDING 

This  p r o c e s s  melts t h e  f i l l e r  metal and j o i n t  edges by u s i n g  t h e  h e a t  produced 

by p a s s i n g  a g a s  through a n  arc and a n  o r i f i c e  t o  produce h igh- tempera tu re  plasma. 
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FIGIJ'RE A - 3 .  SKETCH OF A GAS METAL-ARC WELDING SYSTEM ( R e f .  85) 
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Welding i s  done us ing  a " t r ans fe r r ed"  a r c  which means t h a t  t h e  work has  t o  be p a r t  

of t h e  welding e l e c t r i c a l  c i r c u i t .  

gas tungs ten- arc  process .  I n  welding,  i n e r t  gases  are u s u a l l y  used t o  form the 

plasma, An a d d i t i o n a l  i n e r t  gas s h i e l d  i s  used t o  p r o t e c t  arc, plasma, and weld 

from t h e  a i r ,  The advantages of t h e  process  over  gas  tungs ten- arc  welding are: 

This process  is  a s p e c i a l i z e d  adapt ion  of t h e  

(1) Higher energy concen t r a t i on  

(2) Improved arc s t a b i l i t y  

(3)  Higher energy t r a n s f e r .  

Using c e r t a i n  gas flow and e l e c t r i c a l  power s e t t i n g s  t h e  arc plasma t o r c h  

can be turned i n t o  an e f f e c t i v e  c u t t i n g  t o o l .  

e f f e c t i v e  w i t h  s t a i n l e s s  s t e e l s ' s i n c e  i t  does no t  depend on ox ida t ion  t o  f a c i l i -  

ta te  c u t t i n g .  

Plasma c u t t i n g  i s  p a r t i c u l a r l y  

F igure  A-5 i s  a ske t ch  of a plasma-arc welding system. 

ELEC TRON-BEAM WELDING 

This  i s  a fusion-welding process  which does n o t  u s e  an  arc as a h e a t  source.  

The work i s  bombarded by a high-energy, h igh- dens i ty  stream of e l e c t r o n s .  

t i c a l l y  a l l  of t h e  e l c t r o n  energy i s  transformed i n t o  hea t  when t h e  e l e c t r o n s  

impact t h e  work. As o r i g i n a l l y  developed, electron-beam welding w a s  done i n  a n  

evacuated chamber. I n  about 1963, some c a p a b i l i t y  f o r  welding a t  pressures  up t o  

atmospheric w a s  developed. While t h i s  l o s e s  t h e  advantage of t h e  h igh- pur i ty  atmos- 

phere which the vacuum r e p r e s e n t s ,  i t  inc reases  t h e  a d a p t a b i l i t y  of t h e  process .  

Prac-  

One outs tanding  f e a t u r e  of electron-beam welds i s  t h e  very  narrow welds 

(high depth- to-width r a t i o )  t h a t  can  be made wi th  the process .  

produce welds on ly  1/16 inch wide i n  steel p l a t e  112-inch-thick p l a t e .  

of two types is a v a i l a b l e .  One type  uses  a c c e l e r a t i n g  vo l t ages  below 60,000 

v o l t s  and t h e  o t h e r  uses  a c c e l e r a t i n g  vo l t ages  above 60,000 v o l t s .  The two types  

have c h a r a c t e r i s t i c s  which make them u s e f u l  f o r  a wide v a r i e t y  of work. I n  most 

electron-beam welders ,  t h e  work i s  no t  a p a r t  of t h e  e l e c t r i c a l  c i r c u i t ,  a l though 

i t  must  be grounded. 

It i s  p o s s i b l e  t o  

Equipment 
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Electron-beam welders are i n  e f f e c t  X-ray tubes and produce X- radiat ion.  Care 

- must be taken t o  a s s u r e  t h a t  personnel  i s  sh i e lded  from t h i s  r a d i a t i o n .  

F igure  A-6 shows ske tches  of two electron-beam welding systems. 

RESISTAMCE SPOT, SEAM, AND PROJECTION WELDING 

The hea t  requi red  f o r  fu s ion  i n  t hese  processes  i s  obtained by t h e  r e s i s t a n c e  

of t he  p a r t s  being welded t o  a r e l a t i v e l y  s h o r t  t i m e  f low of h igh- dens i ty  e l e c t r i c  

cu r r en t .  The cu r ren t  i s  introduced i n t o  t h e  p a r t s  by e l ec t rodes  of one type o r  

another .  Force i s  appl ied  through the  e l ec t rodes  t o  maintain con tac t  between t h e  

p a r t s  t o  a s su re  a continuous e l e c t r i c  c i r c u i t  and t o  fo rge  t h e  hea ted  p a r t s  toge ther .  

Normally a small amount of metal i s  melted a t  t he  fay ing  su r f aces  of t h e  j o i n t .  It 

i s  the  coalescence of t h i s  melted metal which c r e a t e s  t h e  weld. Spot welding i s  

diagrammed i n  t he  ske t ch  i n  F igure  A- 7 .  

A wide v a r i e t y  of equipment i s  used f o r  r e s i s t a n c e  welding. D i f f e ren t  types 

of cu r r en t  are used, a l though about 90% of commercial i n s t a l l a t i o n s  are 60-cycle 

a l t e r n a t i n g  cu r ren t .  

The t h r e e  types of welds are cha rac t e r i zed  by t h e  fol lowing:  

(1) Spot welds are ind iv idua l  welds whose shape and s i z e  i s  determined 

by t h e  e l e c t r o d e s .  A series of spot  welds i s  usua l ly  used t o  make 

a j o i n t .  

(2 )  Seam welds are a series of overlapping spo t  welds made wi th  c i r c u l a r  

r o t a t i n g  e l ec t rodes .  

( 3 )  Pro jec t ion  welds .are s p o t  welds whose l o c a t i o n  i s  determined by 

p ro j ec t ions  formed i n t o  t h e  p a r t s  t o  be welded. 

Sketches showing t h e  b a s i c  c h a r a c t e r i s t i c s  of the  t h r e e  types of welding are shown 

i n  the  ske tch  i n  F igure  A-8. 

FLASH WELDING 

F lash  welding is a b u t t  welding process  i n  which the  e n t i r e  area of t he  s u r -  

faces t o  be welded are heated by a flow of e l e c t r i c a l  c u r r e n t  ac ros s  t h e  j o i n t .  
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The f low of c u r r e n t  produces a f l a s h i n g  a c t i o n  which is  t h e  f u s i n g  o f  c o n t a c t i n g  

p o i n t s  of metal on t h e  s u r f a c e s  b e i n g  welded. 

melts t h e  f a y i n g  s u r f a c e s .  When t h e  p roper  t empera tu re  i s  reached ,  f o r c e  i s  

F l a s h i n g  p l u s  r e s i s t a n c e  h e a t i n g  

a p p l i e d  t o  u p s e t  t h e  p a r t s  t o g e t h e r .  The u p s e t  squeezes  o u t  t h e  mol ten metal and 

produces a s o l i d - s t a t e  weld.  F l a s h  welding i s  a c t u a l l y  a s o l i d - s t a t e  we ld ing  proc-  

ess, a l t h o u g h  molten m e t a l  i s  invo lved  i n  p r e p a r i n g  t h e  f a y i n g  s u r f a c e s  f o r  welding.  

F i g u r e  A- 9 i s  a s k e t c h  which shows t h e  b a s i c  c h a r a c t e r i s t i c s  of t h e  p r o c e s s .  

BRAZING 

Brazing i s  a p rocess  i n  which a f i l l e r  metal hav ing  a m e l t i n g  p o i n t  below 

t h a t  o f  t h e  b a s e  metal i s  used t o  make a j o i n t .  The p r o c e s s  is c a l l e d  b r a z i n g  

when tempera tu res  above 800 F are r e q u i r e d  t o  make t h e  j o i n t .  It i s  c a l l e d  

s o l d e r i n g  when tempera tu res  below 800 F are used.  Brazed j o i n t s  normal ly  have 

l a r g e  areas and very  small t h i c k n e s s .  F luxes  may b e  used t o  c l e a n  and p r o t e c t  t h e  

j o i n t  area d u r i n g  h e a t i n g .  When f l u x e s  are n o t  used ,  r i g o r o u s  p r e c l e a n i n g  and 

h i g h- p u r i t y  atmospheres are r e q u i r e d  t o  produce good j o i n t s .  The f i l l e r  metal 

i s  mel ted i n  c o n t a c t  w i t h  t h e  j o i n t  area. C a p i l l a r y  f o r c e s  c a u s e  t h e  metal to  

f low i n t o  t h e  j o i n t .  Because c a p i l l a r y  f o r c e s  are impor tan t  i n  de te rmin ing  t h e  

e x t e n t  and q u a l i t y  o f  t h e  j o i n t ,  i t  is  necessa ry  t o  p r o v i d e  and main ta in  p roper  

c l e a r a n c e s  i n  t h e  j o i n t  d u r i n g  t h e  j o i n i n g  o p e r a t i o n .  C lea rances  o f  0.002 inch  

t o  0.005 i n c h  are common. Smal le r  o r  l a r g e r  c l e a r a n c e s  may p r e v e n t  f low of t h e  

f i l l e r  metal i n t o  t h e  j o i n t .  With l a r g e r  c l e a r a n c e s ,  even p rep laced  f i l l e r  

metals may f low o u t  o f  t h e  j o i n t  when they  m e l t .  

SOLID-STATE WELDING 

S o l i d - s t a t e  welding i n c l u d e s  any p r o c e s s  where two o r  more p i e c e s  o f  metal 

are m e t a l l u r g i c a l l y  j o i n e d  w i t h o u t  t h e  fo rmat ion  of a l i q u i d  phase. A m e t a l l u r g i -  

ca l  j o i n t  i s  one i n  which t h e  weld i s  t h e  r e s u l t  of  t h e  a c t i o n  of a tomic f o r c e s  

r a t h e r  t h a n  mechanical  i n t e r l o c k i n g .  A l l  s o l i d - s t a t e  welding o p e r a t i o n s  r e q u i r e  

f o r c e s  which p r e s s  f a y i n g  s u r f a c e s  i n t o  c o n t a c t  w i t h  each o t h e r .  These f o r c e s  
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FIGURE A- 9. SKETCH SHOWING BASIC CHARACTERISTICS O F  
FLASH-WEJLDING PROCESS ( R e f .  26) 



may o r  may not  be  h igh  enough t o  cause  gross  upse t .  S o l i d - s t a t e  welding i s  d i s -  

cussed i n  d e t a i l  i n  Reference 66. S o l i d - s t a t e  welding inc ludes  a number of 

p rocesses ,  bu t  they can be  d iv ided  i n t o  two c l a s s e s :  
\ 

(1) Dif fus ion  welding 

(2)  Deformation welding 

. I n  t h i s  type  of s o l i d - s t a t e  welding, d i f f u s i o n  ac ros s  

t h e  j o i n t  i n t e r f a c e  is  p r imar i l y  r e spons ib l e  f o r  forming t h e  weld. 

amount of deformation occurs  during t h e  process .  D i f fu s ion  welding i s  done a t  

e l eva t ed  tempera tures ,  This makes i t  easier t o  o b t a i n  t h e  mic rop la s t i c  flow r equ i r ed  

Only a small 

t o  produce i n t i m a t e  con tac t  of t h e  fay ing  su r f aces  and decreases  t h e  t i m e  r equ i r ed  

t o  ob t a in  t h e  amount of d i f f u s i o n  and g r a i n  growth r equ i r ed  t o  complete t h e  j o i n t .  

Dissimilar metals may o r  may not  be  used i n  t h e  j o i n t  t o  i n c r e a s e  d i f f u s i o n  rates. 

Deformation Welding. Deformation welding inc ludes  those  processes  i n  

which gross  p l a s t i c  flow is  the major f a c t o r  i n  weld formation. D i f fu s ion  i s  no t  

normally r equ i r ed  f o r  weld formation,  a l though i t  may c o n t r i b u t e  i f  welding is  

done a t  e l eva t ed  temperatures .  The bonding mechanism wi th  t h i s  process  i s  not  

known p rec i se ly .  It i s  g e n e r a l l y  be l ieved  t h a t  g ros s  deformation breaks up t h e  

s u r f a c e  f i lms  which prevent  i n t i m a t e  con tac t  a t  t h e  fay ing  su r f aces ,  f o r ce s  

c l e a n  su r f aces  i n t o  c o n t a c t ,  and perhaps provides  t h e  energy needed t o  complete 

weld formation,  Deformation welds are produced a t  temperatures  from room tempera- 

t u r e  (cold welding of aluminum and copper) t o  temperatures  j u s t  below t h e  mel t ing  

p o i n t  (upse t- bu t t  welding of s t e e l ) .  

\ 
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